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Passive Acoustics Studies of Estuarine Populations of Southwest Florida 
James Vincent Locascio 
 
ABSTRACT 
 Recordings of fish sound production were made in Charlotte Harbor, Florida 
using Long Term Acoustic Recording Systems (LARS) programmed to record 10 
seconds of sound every 10 minutes.  Results demonstrated a strong circadian pattern in 
fish sound production that occurred within a few hours of dusk each evening.  Sound 
production lasted on average 8.7 hrs each evening during the peak spawning season. 
LARS were deployed when Hurricane Charley crossed Charlotte Harbor in August, 2004.  
The hurricane did not inhibit nightly chorusing events of spawning fish.  Rather, sound 
levels produced by spawning fish on the night of and 3 days after the hurricane were 
higher and lasted longer than any of the 9 days recorded prior to the hurricane.   
Acoustic time series data recorded at multiple sites in Charlotte Harbor during 
2005 revealed changes in the spatial distribution of fish sound production in response to 
increased freshwater inflow and consequent decreased bottom dissolved oxygen 
concentrations in early June.  Fish sound production decreased rapidly over several days 
at study sites in the northern portion of the harbor most immediately affected by changes 
in environmental conditions.  Meanwhile, fish sound production increased at the study 
site furthest seaward where normoxic levels were sustained.  By August levels of fresh 
water inflow decreased substantially, bottom dissolved oxygen levels increased and 
 
xii 
 
sound production resumed at sites previously affected by these conditions.  Fish sound 
production began intermittently in February and ended in November.  Peak levels were 
reached by mid-late April / early May and continued throughout the summer time. 
Seasonal patterns of sound production match the reported spawning periods of estuarine 
sciaenid species recorded. 
 Black drum sound production was measured in the canal systems of Cape Coral 
and Punta Gorda, Florida during the 2004-2006 spawning seasons.  The circadian pattern 
of sound production was similar to other sciaenids documented in Charlotte Harbor.  
Seasonal patterns of black drum sound production occurred during October through April 
and peaked in February. This seasonal period of sound production also matched patterns 
of black drum reproductive readiness and spawning reported in the literature for the Gulf 
of Mexico.   
 A hydrophone array was used in the Cape Coral canal system to localize calling 
black drum and measure source levels and propagation of calls.  Source level estimates 
averaged 165 dBRMS re: 1μPa SPL (SD=1.0) (n = 1,025).  Call energy was concentrated 
in the fundamental frequency (94 Hz) and first two harmonics (188 Hz and 282 Hz).  A 
square root model best described propagation of the fundamental frequency and first 
harmonic and a log 10 model best described the second harmonic.  Based on the mean 
RMS source level, signal propagation, background levels, and hearing sensitivity, the 
communication range of black drum at the study site was estimated at between 33 and 
108 meters and was limited by background levels, not auditory sensitivity. 
 The timing and levels of sound production and egg production were compared in 
black drum.  Eggs were collected hourly from 1800 – 0400 by surface plankton tows on 
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two consecutive evenings while black drum sound production was continuously recorded. 
This sampling effort was conducted five separate times from January through April, 
2006.  Evidence of the time of spawning was indicated by the collection of blastodiscs 
(fertilized single cell eggs) or back calculated early cleavage stage eggs.  Neither the 
timing nor the quantity of sound production was positively correlated with egg 
production on a nightly basis and the greatest densities of eggs were collected on 
evenings which had the lowest levels of sound production.  This may have been due to 
differences in the fecundity of individual females spawning on the evenings when 
sampling was conducted.     
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INTRODUCTION 
Sound production by fishes has probably been observed by humans for nearly as 
long as they have been pursuing fishes.  Early wooden hulled vessels would have acted as 
transducers providing fisherman with cues to locate sound producing aggregations.  
Among the earliest known scientific investigations of the subject are references made by 
Dufosse (1874) to Aristotle’s conclusions that sound production was associated with a 
mechanism involving the swimbladder (Tower, 1908).  Many contributions were made in 
the latter part of the 19th century which focused mainly on the mechanisms of sound 
production (Dufosse, 1874; Sorensen, 1895; Tower, 1908). 
 In the past several decades considerable effort has been invested to increase the 
knowledge base associated with the study of sound production and reception by fishes.  
This is due in part to increased recognition of the extent to which teleost fishes use sound 
and the practicality demonstrated by passive acoustic methods for documenting 
reproductive behavior of soniferous fishes.  Important advances in the field have been the 
development of new recording technologies, the identification of species-specific sounds, 
the behavioral context in which they are produced and the variety of anatomical features 
and physiological and neuronal processes responsible for sound production (Winn, 1964; 
Fish and Mowbray, 1970; Fine et al., 1977; Mok and Gilmore, 1983; Fay and Simmons, 
1999; Ladich and Popper, 2004).  Considerable effort has also been dedicated to 
understanding the auditory sensitivity of fishes.  Early experiments involved behaviorally 
conditioned responses to stimuli and in 1998 Kenyon et al. published the first auditory 
 
xv 
 
brainstem response (ABR) results for a fish.  Since the time of Kenyon’s ABR 
publication the technique, referred to now as auditory evoked potential (AEP) has been 
repeated on a wide variety of fishes to create audiograms. 
 The research conducted for this dissertation relied heavily on the use of recording 
technology developed at the College of Marine Science.  These recording systems were 
remotely deployed and capable of collecting long term, high temporal resolution acoustic 
data.  These data provided detailed acoustic time series of fish sound production on time 
scales not previously possible and were used to describe diel and seasonal patterns of 
sound production by estuarine sciaenids in Charlotte Harbor, Florida.  Information 
collected by these recording systems was used in all six chapters of this dissertation.   
Other research focused on source level and signal propagation estimates of black 
drum calls recorded with a hydrophone array and processed with a localization algorithm. 
These data were combined with estimates of black drum auditory sensitivity and 
background sound pressure levels at the study site to estimate the acoustic 
communication range of black drum.  To my knowledge, this study is the first to relate 
complementary data of sound production and reception abilities for the same species with 
signal propagation and background sound pressure levels. To date, source level estimates 
have been reported for only one other fish species, the toadfish (Opsanus beta). 
In the final chapter I report on the quantitative and temporal relationship between 
sound production and egg production by black drum.  This study was conducted in a 
mostly enclosed canal basin of Cape Coral, Florida where it could be assumed that the 
eggs were collected from the same population of fish whose sounds were being recorded.   
Sampling took place on two consecutive evenings, five times during the 2005-06 
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spawning season.  Few studies have quantitatively compared the output of sound 
production and egg production because of the difficulties associated with confirming that 
the sampled population is isolated.   
 The application of passive acoustics for monitoring reproductive populations of 
sound producing fishes has been well established by previous investigators.  The results 
of these previous investigations have helped to provide a framework for much of the 
research design used in this dissertation.  It is my intention that the research conducted in 
this dissertation will further promote the use of passive acoustic methods and help to 
establish direction for future research. 
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CHAPTER ONE 
Diel Periodicity of Fish Sound Production in Charlotte Harbor, Florida 
 
INTRODUCTION 
Males of many fish species, particularly members of the family Sciaenidae, 
produce species-specific sounds associated with courtship and spawning (Fish and 
Mowbray, 1970; Tavolga, 1977; Saucier et al., 1992; Gilmore, 2003).  Changes in levels 
of fish sound production have been correlated with spawning activity on daily and 
seasonal time scales (Mok and Gilmore, 1983; Luczkovich et al., 1999).  Many authors 
have reported maximal sound production to occur during the spawning season from the 
period of dusk to several hours after nightfall.  Holt et al. (1985) documented maximal 
spawning of sciaenids occurred within this same time of day by examining 
developmental stages of eggs collected in plankton samples.  Because fish sound 
production serves as a useful proxy for spawning activity, hydrophone surveys provide a 
powerful, cost-effective and non-destructive method for documenting the time and 
location where spawning is taking place (Mok and Gilmore, 1983; Saucier and Baltz, 
1993; Mann and Lobel, 1995; Luczkovich et al., 1999; Hood et al., 1999; Locascio and 
Mann, 2005).     
Many investigations over the past several decades have demonstrated the 
usefulness of passive acoustics in the field of fisheries research.  In particular, studies of 
soniferous spawning aggregations of fishes in the Indian River Lagoon, Florida, have 
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shown long-term site fidelity, with principal spawning sites being used for more than 20 
years (Mok and Gilmore, 1983; Gilmore, 1994; Gilmore, 2003).  Promoting the use of 
passive acoustics as a research tool for conservation and management, Luczkovich et al. 
(1999) delimited spawning areas of weakfish (Cynoscion regalis) in Pamlico Sound, 
North Carolina using hydrophone surveys and suggested the use of passive acoustics for 
designating marine protected areas.  Connaughton and Taylor (1995) demonstrated that 
physiological measurements of reproductive readiness of weakfish, C. regalis, peaked 
during the same time of year as sound production. 
While these and other studies have established the use of passive acoustic 
techniques for locating individuals and aggregations of particular species during their 
spawning stage (Rountree et al., 2002), the methods have all relied upon the use of 
mobile hydrophone surveys.  Since the mobile hydrophone survey is labor intensive, it is 
difficult to sample the same sites over the course of the spawning season with a high 
degree of temporal resolution.  Thus, it does not provide much information on how sound 
production varies over a range of time scales or how use of a spawning site may change 
over a season.  The objective of this study was to record high temporal resolution data 
(10 seconds every 10 minutes) on fish sound production in Charlotte Harbor, Florida over 
multiple consecutive days using a newly developed recording technology and to examine 
temporal patterns in sound production of fishes. 
 
METHODS 
Charlotte Harbor, Florida is a 700-km2 coastal plain estuary receiving freshwater 
input from the Peace, Myakka, and Caloosahatchee Rivers, which together drain a basin 
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that exceeds 12,000 km2 (Hammet, 1990, Adams et al. 2004).  It is the second largest 
open water estuary in the state, and has been designated an estuary of national 
significance by the Environmental Protection Agency and has five National Wildlife 
Refuges occurring within its watershed.  The estuary ranges from 0 – 7.5 m in depth with 
a mean of 2.0 m (USEPA, 1999).  Tides in greater Charlotte Harbor are predominantly 
semi-diurnal (McNulty et al., 1972), with a mean diurnal range of 0.5 – 1.1 m (Wilzbach 
et al., 1999).  The climate in Charlotte Harbor is subtropical, with infrequent freezes, and 
seasonal mean water temperatures range from 18 to 32o C with a salinity range from 0-36 
ppt (Nelson, 1998; Adams et al., 2004). 
Long Term Acoustic Recording System (LARS) 
The LARS is a fully programmable acoustic sampling and datalogging device 
capable of recording high temporal resolution data over extended time periods.  It is 
composed of a Persistor CF2 computer, Oceanographic Embedded Systems 16S2 analog 
to-digital converter, and a custom signal conditioning circuit board developed at the 
University of South Florida College of Marine Science.  In this study the LARS was 
programmed to record ten seconds of sound every ten minutes with 16-bit resolution and 
a sampling rate of 2500 Hz with an anti-aliasing filter having a cut-off frequency of 1 
kHz.  Given the Nyquist criterion (Hartmann, 1997), our effective frequency range for 
recording underwater sounds while avoiding aliasing (Bradbury, 1998) of recorded 
signals was 0 - 1250Hz.  Sound files were saved on a SanDisk 256 MB flash memory 
card.  An HTI 96-min series hydrophone (sensitivity: -164 dBV/μPa) with an underwater 
connector was mounted on the lid of an Ikelite 5810 underwater housing.  The 
underwater (hydrophone) connector was wired to the signal conditioning board, which 
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also provided the power supply for the hydrophone.  Power was supplied with four D-cell 
batteries connected in series.  We deployed the LARS in the northern portion of Charlotte 
Harbor (Fig 1.1.) from May 7 through June 10, 2003.  The water depth at the study site 
was approximately 3.5 m and the bottom was composed of muddy sand.  Using SCUBA, 
the underwater housing was secured to a land anchor, installed in the sediment, with 
galvanized steel chain.  When deployed, the underwater housing remained positively 
buoyant approximately 0.5 m above the bottom.  The LARS was retrieved using SCUBA 
and data were downloaded in the field to a laptop computer. 
Data Analysis 
Data were processed using Qlogger, a custom MATLAB (v6.5) program.  Each 
ten second file was analyzed with a 2500-point Fast Fourier Transform (FFT) to generate 
a power spectrum.  Average spectrum levels were calculated for each 100 Hz wide band 
and examined for relative concentration of acoustic energy.  The greatest concentration of 
acoustic energy was found in the 300-400 Hz band and all time series analyses were done 
on these data.  The time series of average sound pressure levels (SPL) for each 10 second 
recording period within the 300-400 Hz band were smoothed using a 5-point moving 
average to reduce variability in the data from sounds produced by boat traffic.  
Spectrographic analyses were used to verify the origin of sound production (i.e. boat 
traffic or fishes) and to provide positive species identification where possible by 
descriptions of known species calls reported by previous authors.  The frequency of 
occurrence of species calls was examined between 1650 – 0440 hours by scoring the 
presence or absence of each species in two hour bins for all nights. 
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Mean daytime background SPL was calculated from the period 0500 – 1700 hours 
EST using the smoothed data in the 300-400 Hz band.  A threshold 3 standard deviations 
above mean daytime background levels was established to mark the start and end of 
nightly chorus events and calculate their duration.  Occasionally the SPL crossed above 
the threshold for short periods outside of nightly chorus event times.  These occurrences 
were associated with boat traffic and were not included in the values calculated for 
chorus duration.  We calculated the daily mean maximum SPL and mean time of 
occurrence and the correlation between daily maximum SPL and chorus duration.  
Captive Recordings 
To validate their presence, we recorded the call of a captive sand seatrout 
(Cynoscion arenarius) (SL = 189 mm) to compare to fish calls recorded in the field.  
Captive recordings were made using an HTI 96-min series hydrophone (sensitivity -164 
dBV/µPa) and Nomad Jukebox recorder with 16-bit resolution and 48 kHz sampling rate.  
This file was later converted to 16-bit, 2500 Hz sampling rate using Cool Edit software to 
generate spectrographs and oscillographs.  The Nomad recorder was calibrated with a 1 
Volt input signal prior to recordings made in the lab.  Hydrophone placement was 
approximately 5 cm away from the fish during lab recordings.  Field recordings were 
subsampled by selecting six calls randomly (3 each from pre- and post-chorus time 
periods) from each of twelve randomly selected nights of field recordings (n=72).  Call 
duration (time from beginning of the first pulse to the beginning of the last pulse of the 
call) and pulse period (call duration divided by one less than the total number of pulses 
within the call) were measured from the time domain signal, and the calls were compared 
spectrographically. 
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RESULTS 
A plot of the 300-400 Hz band raw time series data shows nightly peaks in SPL 
along with smaller shorter duration peaks occurring at various times throughout each day 
(Fig. 1.2-A).  By listening to these signals while reviewing their details 
spectrographically, daytime peaks were easily distinguishable as boat traffic while 
nighttime peaks (louder and longer in duration) were attributable to calling fishes.  
Smoothing the data with a 5-point moving average substantially reduced the daily 
variability in SPL while preserving the overall trend associated with fish sound 
production (Fig. 1.2-B and 1.2-C).   
A well defined diel pattern in fish sound production was recorded throughout the 
study period.  Sharp increases in sound pressure levels due to fish calling occurred 
regularly each day during the late afternoon / early evening hours (Fig. 1.3-A and 1.3-B).  
The threshold for establishing start and end times of chorus events was set to 85.4 dB re 1 
µPa, three standard deviations (5.4 dB) above mean daytime background levels (80 dB re 
1 µPa) (Fig. 1.4).  The mean start time of choruses was 1726 hours EST, mean end time 
was 02:10h EST, and mean duration of chorus events was 8.7 hr per night (Fig. 1.5 and 
Table 1.1).  Mean maximum daily SPL was 117 dB and occurred at the mean time of 
2236 hours EST.  A weak negative correlation existed between daily maximum SPL and 
chorus duration (r = -0.24, p = 0.18, df = 32).    
Call duration and pulse period estimated from waveform and spectral analyses of 
the lab- recorded C. arenarius were 174 ms and 43.5 ms, respectively (Fig. 1.6-A and 
1.6-B).  For this same individual the received call level was calculated at 130 dB re 1 
µPa.  The mean call duration and pulse period of 72 field-recorded calls were 234.8 ms 
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(SD=93 ms) and 45.8 ms (SD= 5.5 ms), respectively.  The number of pulses per call from 
field recordings ranged from 2 to 12 (mode=6).  A comparison between the lab recording 
and a selected field recording with the same number of pulses (four) is shown in figures 
1.6-C and 1.6-D.  Both lab and field recorded calls had a dominant frequency around 350 
Hz.  The sound recorded in the laboratory had an initial peak in SPL that was not as 
prominent in the field recordings. 
Sand seatrout calls occurred every night during all time periods and dominated 
sound production during chorus events.  We were able to confirm the presence of silver 
perch (Bairdiella chrysoura), oyster toadfish (Opsanus beta) and spotted seatrout 
(Cynoscion nebulosus) by comparing spectrographs of our field recordings to those of 
sound-truthed captive and in situ recordings by Fish and Mowbry (1970) and Mok and 
Gilmore (1983).  Spotted seatrout and toadfish calls occurred less frequently than sand 
seatrout calls, but still occurred during all time periods examined (Fig. 1.7).  Silver perch 
calls were only recorded during the latter portion of the evening (typically after midnight) 
as the chorus faded (Fig. 1.7).  Six other types of sounds were infrequently recorded 
during evening hours.  All of these were low frequency, pulsed sounds and are believed 
to have been produced by fishes whose sounds have not yet been documented.   
 
DISCUSSION 
Field data collected in this study revealed diel patterns in fish sound production 
with a level of resolution not previously possible.  Chorus events lasted for many hours 
each night and were not highly variable in maximum recorded SPL, or start and end 
times.  Chorus duration, which ranged from 6 to 13 hours, was more variable than other 
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parameters (CV=17.8%) and may have been due to some change(s) in environmental 
conditions or simply a factor of spatial distribution of fishes when calling began or ended 
for the evening.  Longer term time series data will allow us to examine the potential of 
lunar and other environmental influences on spawning activity. 
Maximum levels of drumming activity in the evening, generally from 1800 to 
2200 hours, have been noted in the field for a number of sciaenid species, including 
Cynoscion xanthus (Fish and Cummings, 1972), C. nebulosus and Pogonias cromis (Mok 
and Gilmore, 1983; Saucier and Baltz, 1993; Connaughton and Taylor, 1995) Bairdiella 
chrysoura (Mok and Gilmore, 1983; Connaughton and Taylor, 1995), and the Japanese 
species, Nibea albiflora and Argyrosomus argentatus (Takemura et al., 1978; 
Connaughton and Taylor, 1995).  Many of these authors also reported the sound level to 
drop substantially by early morning (~ 0000-0300 hours).   
Reproductive effort and outcome are maximized by bringing together large 
numbers of males and females at relatively precise times especially for broadcast 
spawners (Johannes, 1978; Holt et al., 1985).  The onset of darkness provides a general 
cue throughout a population along with the signaling of sound production to effectively 
form spawning aggregations during the evening hours.  Night time spawning also confers 
the advantage of dispersing planktonic eggs during darkness so egg densities are lower 
during the following daylight period which may reduce vulnerability to visual predators 
(Holt et al., 1985).   
The study period corresponds to peak seasonal spawning times for all species 
recorded and so it is not surprising that the sound level was consistently high and chorus 
events lasted many hours each night.  Longer term acoustic time series data could be 
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compared with histological and ichthyoplankton data to examine how different methods 
compare for delimiting the spawning season.  Exploring the quantitative relationship 
between sound production and egg production over daily and seasonal time scales is 
needed to estimate how these variables are correlated over different time scales and 
determine if there is always egg production where there is sound production.  
This study was conducted in a deeper, channeled area of Charlotte Harbor which 
may explain why sand seatrout was the most prominent species recorded, as this is their 
documented habitat (Hoese and Moore, 1998).  Sand seatrout was the only species that 
reached chorus levels, which are characterized by high temporal overlap of calls and high 
sound pressure levels.  All other species were only heard as individuals or small groups 
and occurred less frequently during chorusing.  It is possible that calls of other species 
were masked by sand seatrout calls, but it may also be possible that other species avoided 
calling during this time period.  Silver perch calls were only recorded near the end of and 
after chorusing, which may support the idea that species adjust their calling schedules 
relative to others.  Mok and Gilmore (1983) also found that silver perch calling occurred 
later in the evening and suggested that delayed silver perch calling was due to loud group 
calling by spotted seatrout earlier in the evening.  This suggests that louder calling may 
provide a competitive advantage during courtship and spawning. 
The number of calling individuals contributing to the sound level of nightly 
chorusing events is impossible to assess from our recordings made with a single 
hydrophone. However, the low variability within the data suggests that the number of 
calling individuals is consistent within the active space of the hydrophone on a nightly 
basis, or that the sound level reaches an asymptote at which point a large increase in the 
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number of calling individuals results in a small increase in sound level.  It may be 
possible to use a hydrophone array to estimate of the number of individuals producing 
sound. 
The pulse period of field recorded calls closely matched that of the captive C. 
arenarius recording and showed little variation (coefficient of variation 12.1%) despite a 
range of 2-12 pulses per call.  The conservative nature of this parameter indicates that it 
could be used for species-specific recognition among fish.  The importance of pulse 
periods for species recognition has been documented for damselfishes (Spanier, 1979; 
Mann et al., 1997) and anurans (Loftus-Hillis and Littlejohn, 1971; Mann et al., 1997).  
Mann et al. (1997) documented low variation (CV=2.8%) in the pulse period of striped 
cusk-eel calls which ranged from 1-27 pulses and suggested that other cusk eel species 
would have different pulse periods.  
Sand seatrout produce a ‘purring’ sound very similar to the call of the weakfish 
(Cynoscion regalis), a closely related species occurring on the Atlantic coast.  
Luczkovich et al., (1999) characterized the ‘purr’ of the weakfish from field recordings as 
a series of pulses having a mean repetition rate of 15.4 pulses/s at a mean dominant 
frequency of 360 Hz (n=7).  Connaughton et al., (2000) described weakfish calls as 
having 2-15 pulses per call at 20 pulses /s.  Because sounds produced by fishes are 
species-specific and because there has been a long standing debate on whether arenarius 
and regalis are two separate species or simply regional variations of the same species a 
detailed comparison of their calls would be interesting.   
In coastal and estuarine systems such as Charlotte Harbor, FL research is often 
directed at understanding how ecosystem function may be affected by anthropogenic 
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influences.  Typically this type of influence is described as habitat loss or degradation 
due to changing land use patterns (e.g. development) or hydrologic alterations (dams or 
water withdrawal) (Hobbie, 2000).  Ecosystem components, such as seagrasses, oysters, 
or fish assemblages are studied over time and used as indicators of potential changes 
occurring within the ecosystem.  Often these data require labor intensive and costly 
methods and do not necessarily yield results that are immediately accessible or 
informative of ecosystem function in response to stressors.  Passive acoustics represent a 
cost-effective complementary approach to studying ecosystem function by documenting 
the important life history stage of reproduction of soniferous fishes with great precision 
on a wide range of temporal and spatial scales.  Future research should focus on 
collecting concurrent environmental data to help explain variability in fish sound 
production in relation to natural and anthropogenic influences. 
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Table 1.1.  Summary statistics of nightly chorus parameters recorded in Charlotte Harbor, 
Florida from May 7 through June 10, 2003 (hrs is time of day; h, m, s are the amount of 
hours, minutes, and seconds). 
Parameter n Mean SD CV % 
Maximum SPL (dB)             34 117              2.36               1.98   
Time of maximum SPL        34 2236 hrs         0.7 h         2.95 
Chorus start time                  34 1726 hrs       1.0 h         6.46 
Chorus end time                   34 0210 hrs     1.0 h 6.46 
Chorus duration                    34 8.7 h 1.5 h      17.8 
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     Figure 1.1.  Study site location in upper Charlotte Harbor, Florida where acoustic     
     recordings of fish sound production were made from May 7 through June 10, 2003.   
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Figure 1.2-A.  Time series of 300-400 Hz band raw acoustic data recorded in Charlotte  
Harbor, Florida from May 7, 2003 through June 10, 2003.  Ten seconds of acoustic data 
were recorded every ten minutes. 
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Figure 1.2-B. Selected dates of raw acoustic time series data shown in Fig 1.2-A prior to 
smoothing with a 5-point moving average.  
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Figure 1.2-C.  Shown here are the acoustic time series data presented in Figure 1.2-B. 
after smoothing with a 5 point moving average. 
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Figure 1.3-A.  Shown are five-point smoothed acoustic time series data of consecutive 
24-hour periods overlaid on the same figure.  Data were recorded during May 7, through 
June 10, 2003 in Charlotte Harbor, Florida.   
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Figure 1.3-B.  Mean and standard deviation of 5-point smoothed acoustic time series data 
featured in figure 1.3-A are shown here.  
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Figure 1.4.  Delineation of nightly chorus events using a threshold established as 3 
standard deviations above daytime sound pressure levels recorded during 0500 – 1700 
hrs. The threshold is indicated by the arrow on the data of 5.27.03.   
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Figure 1.5.  Start and end times of nightly chorus events (left axis) and duration of chorus 
events (right axis) for each evening, May 7 through June 10, 2003.  Sunset was at 19:05 
EST on May 7 and 19:23 EST June 9, 2003  
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Figures 1.6-A, B, C, D.  Lab (A&B) and field recordings of a Cynoscion arenarius call.  
A. Time waveform of lab recorded C. arenarius call.  B. Spectrogram of lab recorded C.  
arenarius call.  C. Time waveform of field recorded C. arenarius. D. Spectrogram of 
 field C. arenarius. 
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Figure 1.7.  Percentage of nights each species was documented producing sound during 
the time periods on the x axis.  C.a.=Cynoscion arenarius; O.b.=Opsanus beta; 
C.n.=Cynoscion nebulosus; B.c.=Bairdiella chrysoura. 
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CHAPTER TWO 
Effects of Hurricane Charley on Fish Chorusing 
 
INTRODUCTION 
Hurricanes are acute, catastrophic events that have the capacity to severely alter 
natural ecosystems (Mallin et al. 1999). Ecological impact studies following hurricane 
events have traditionally included an assessment of habitat alteration, consequent changes 
in community structure and recovery rates in areas where pre-hurricane data were 
available for comparison.  Although insightful, such a posteriori investigations do not 
report on the acute responses of biota during, or on temporal scales more immediate to 
the time of a hurricane strike. Indeed, it is an exceedingly rare occasion for a direct 
hurricane strike to occur at the precise time and location of an ongoing field study 
(Spiller et al. 1998). However on 13 August 2004 this is exactly what occurred in 
Charlotte Harbor, Florida. The passage of Hurricane Charley directly through Charlotte 
Harbor provided a unique opportunity to document the acoustic energy associated with 
the storm and to investigate whether such a major catastrophic event altered the calling 
behavior of soniferous fish. 
Spawning is an important part of the life history of fishes, and spawning output 
can influence subsequent recruitment of juvenile fishes. Males of many fishes, 
particularly members of the family Sciaenidae, produce species-specific courtship 
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sounds, which can be identified with hydrophone surveys to determine when and where 
spawning is taking place (Mok & Gilmore 1983; Saucier et al. 1992; Saucier & Baltz 
1993; Mann & Lobel 1995; Luczkovich et al. 1999; Zelick et al. 1999; Gilmore 2003). 
Many marine fishes are broadcast spawners and spawn at dusk and during the night, 
which may reduce the risk from visual predators on planktonic eggs and adults (Hobson 
et al. 1978; Robertson 1983; Holt et al. 1985). 
 
METHODS 
To investigate diel patterns of fish sound production, a long-term acoustic 
recording system (LARS) was deployed in Charlotte Harbor, Florida from 4–17 August 
2004. The LARS was custom built by the University of South Florida College of Marine 
Science and consisted of a Persistor Microcomputer (CF2), an Oceanographic Embedded 
Systems 16-bit A/D board (AD16S2) and a custom built signal conditioning board that 
allowed signal calibration and use of anti-aliasing filters. The LARS was held in an 
underwater housing and connected to an external hydrophone (sensitivity: K164 dBV re 1 
mPa; High-Tech, Inc. HTI: 96 min).  The underwater housing was attached by chain to a 
tie-down anchor and remained positively buoyant some 50 cm above the bottom of the 
harbor at a 3.5m depth.   
Acoustic data were sampled at 3333 Hz for 10 s every 10 min and recorded to 
onboard Compact Flash memory. These data were processed using QLOGGER, a custom 
MATLAB (v. 6.5) program (Mathworks, Inc.). Each 10 s file was transformed with a 
3333 point fast Fourier transform (FFT) to generate a power spectrum.  Data were 
averaged in 100 Hz bins to analyze the timing associated with chorusing. To analyse the 
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fish sound production, the timeseries of average spectrum level sound between 500 and 
600 Hz was smoothed using a 5-point moving average to reduce variability from sounds 
produced by boat traffic. To quantitatively characterize chorusing events, four parameters 
were established from the smoothed time-series, including daily chorus start times, end 
times, duration and maximum sound pressure level (SPL). The chorus start time was 
defined as the time when the SPL exceeded 90 dB.  The chorus end time was defined as 
the time when the SPL decreased to less than 90 dB after the chorus had started.  The 90 
dB SPL threshold used to define chorus start and end times was calculated as three 
standard deviations, (12 dB) above mean (78 dB SPL) daytime (05:00–17:00 h) SPL. 
Although conservative, this method provides an objective way to establish parameter 
values.  Chorus duration was the chorus end time minus the chorus start time. To 
investigate the potential influence of Hurricane Charley on the cyclic sound producing 
behaviour of fish we fit the time-series of each parameter to a fourth-order polynomial 
equation. Data points from the day of the hurricane were excluded from the models to 
allow for a comparison of predicted versus observed values. 
 
RESULTS 
Charley, a strong category 4 hurricane, produced wind speed in excess of 226 kph 
(140 mph) as it crossed Charlotte Harbor on a north-northeasterly track at an approximate 
speed of 35.5 kph (22 mph) on the afternoon of 13 August 2004. Charley was the 
strongest hurricane to hit the United States since Hurricane Andrew in 1992. The eye of 
the storm crossed into the harbour over the barrier islands of North Captiva and Cayo 
Costa south of Boca Grande Pass at approximately 16:00 h eastern daylight saving 
 
30 
 
time (EDT) and departed through the Peace River corridor at approximately 17:00 h EDT 
(Pasch et al. 2004; Fig. 2.1).   
By 14:00 h EDT on 13 August, low-frequency acoustic signals generated by 
Charley were received by the LARS. At this time, the outer bands were circulating over 
the harbour, but the eye of the storm was in the Gulf of Mexico 80 km to the southwest. 
The loudest received signals (raw, unsmoothed data; 118 dB, 0–100 Hz frequency bin) 
associated with the storm were recorded at approximately 16:00 h EDT when the 
hurricane’s eye, approximately 8 km in diameter, was entering the harbour and the inner 
bands were directly over the study site (Electronic Appendix, audio S2). Signals received 
from the hurricane were absent or minimal by 17:30 EDT, at which time the first 
discernable fish calls were recorded. 
Acoustic energy related to the hurricane was mainly below 400 Hz and 
concentrated from 0–100 Hz, whereas most of the energy associated with the fish chorus 
comprised mainly of sand seatrout (Cynoscion arenarius) was between 500 and 600 Hz 
(Fig. 2.2).  An analysis of the 500–600 Hz band showed there was pronounced diel 
periodicity in fish sound production (Fig. 2.3). Nightly chorusing events commenced on 
average at 19:32h EDT and lasted nearly 7 h.  Four parameters were used to characterize 
chorusing events including chorus start time, chorus end time, chorus duration and 
maximum SPL. With the exception of chorus end time, all models provided a fit 
sufficient for predicting data points on the day of the hurricane within 95% confidence. 
Observed values were in close agreement with predicted values and were within the 
standard deviation of the mean for each parameter (Tables 2.1 and 2.2). 
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DISCUSSION 
The ability of the model to predict results well within the inherent variability of 
each parameter tested indicates the hurricane had no immediate deleterious effect on fish 
sound production. In fact, data recorded from the three nights after the hurricane showed 
increased calling by fish with the highest maximum sound levels and start times up to 2.5 
h earlier than previous nights. The night of the hurricane was transitional from previous 
days to these high levels of sound production. This could be attributable to the influence 
of the hurricane on the distribution of fishes or the result of a longer-term cycle in 
chorusing behavior that may have taken place without the occurrence of the hurricane.  
While this study found no immediate negative impact on populations of chorusing fishes, 
it is possible that a delayed onset of lowered oxygen concentrations resulting from 
increased freshwater inflow associated with the hurricane could impair fish chorusing and 
spawning activity in affected areas of Charlotte Harbor 
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  Table 2.1.  Parameter values of fish chorus events recorded during each evening of the   
   study. 
Date 
2004 
Chorus 
Start Time EDT
Chorus 
End Time EDT 
Chorus 
Duration (hrs) 
Daily 
Max SPL dB 
8/4 19:54 02:24 6.5 111.8 
8/5 19:24 03:44 8.3 114.0 
8/6 20:04 02:04 6.0 109.1 
8/7 20:34 02:54 6.3 102.5 
8/8 20:54 02:04 5.2 102.8 
8/9 20:14 01:04 5.5 102.4 
8/10 21:04 02:34 5.5 107.8 
8/11 20:44 02:14 5.5 115.1 
8/12 20:14 02:24 6.2 116.3 
8/13 18:34 02:24 7.8 115.7 
8/14 17:24 03:34 9.2 120.7 
8/15 17:04 02:54 8.8 124.3 
8/16 17:44 03:14 8.5 120.0 
Mean 19:32 02:38 6.9 112.5 
S. Dev. 1 h. 23 min. 36 min 1.44    7.2 
SPL dB = sound pressure level in decibels (SPL relative 1µ Pascal / Hz0.05) 
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Table 2.2.  Polynomial models of fish chorus event parameter values fit to time series data excluding the night of the hurricane.  
Predicted chorus parameter values were calculated for the night of the hurricane from each model. 
 
Parameter 
Fitted  
Polynomials:   R2 Mean S. Dev. Predicted  Observed 
Chorus End y = -8E-05x4 + 0.0021x3 - 0.0179x2 + 0.0497x + 0.037 0.49 02:39 0:37 1:03 1:24 
Chorus Start y = 0.1595x4 - 4.3448x3 + 36.002x2 - 96.718x + 854.25 0.93 19:37 1:24 17:42 17:34 
Chorus 
Duration y = -0.0049x4 + 0.1328x3 - 1.103x2 + 2.9326x + 4.8645 0.88 6h 48min 1h 29min 7.7 7.8 
Max SPL y = -0.0128x4 + 0.2799x3 - 1.4011x2 - 0.7256x + 115.67 0.91 112.2 7.5 120.2 115.7 
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Figure 2.1.  Map of Charlotte Harbor, Florida showing the study site location (star) and 
the approximate path of Hurricane Charley as it crossed the harbor during the afternoon 
of August 13, 2004. 
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Figure 2.2.  Composite time series of power spectra calculated with a 512-point Fast 
Fourier Transformation of each 10 second acoustic data file recorded from 8/12/2004 to 
8/142004.  Color bar indicates spectrum level sound (dB re 1µPa/Hz0.5).  Fish choruses 
are shown on each of the three days and sounds associated with the hurricane are shown 
on 8/13/2004.  
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Figure 2.3.  Spectrum level time series of 5-point smoothed data of 100-Hz wide 
frequency bins containing the greatest acoustic energy associated with fishes (500-600 
Hz bin) and Hurricane Charley (0-100 Hz bin).  The dashed line at 90 SPL dB indicates 
the chorus threshold. Tick marks on the x-axis correspond to midnight on each date.   
 
 
 
 
 
 
8-4 8-5 8-6 8-7 8-8 8-9 8-10 8-11 8-12 8-13 8-14 8-15 8-16
60
70
80
90
100
110
120
130
Date (2004)
S
P
L 
(d
B
 re
 1
 u
P
a/
sq
rt(
H
z)
)
0 - 100Hz
500 - 600Hz
 
39 
 
 
 
CHAPTER THREE 
Seasonal Periodicity of Sound Production in Sciaenids of Charlotte Harbor, Florida 
 
INTRODUCTION 
 Estuarine environments are highly productive and experience a broad range of 
conditions due to variation in freshwater inflow, nutrient levels, and land use changes that 
may occur within the watershed.  Biotas that live and reproduce in these systems, 
including several species of sciaenids, are useful for understanding ecosystem function.  
Because sciaenids produce sound in association with courtship and spawning, field 
recorders can be used to document their reproductive activity and can show how habitat 
use changes over different time periods and in response to environmental conditions.    
 Charlotte Harbor is the second largest open water estuary in Florida and receives 
fresh water from the Peace and Myakka rivers at the northern end and the Caloosahatchee 
at the southern end.  Portions of the estuary become hypoxic after a substantial volume of 
freshwater has been received and stratification of the water column occurs.  This effect 
naturally creates a change in the spatial distribution of aquatic biota, and may cause 
mortality if the onset of these conditions is more rapid than the organism’s ability to 
relocate to suitable habitat.  The redistribution of biota also occurs in response to the 
change in the location of the zooplankton maximum subsequent to increased freshwater 
inflow (Peebles, 2002).  
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 In this study, long term acoustic recording systems (LARS) were used at various 
locations in Charlotte Harbor during 2005 to document patterns in sound production by 
fishes.  The objectives were to understand the general patterns of sound production on a 
seasonal basis and changes in levels of sound production in areas affected by hypoxia due 
to increased freshwater inflow. 
 
METHODS 
LARS were programmed and deployed and acoustic data were processed 
according to the methods in Locascio and Mann, 2008 (Chapter One).  Study sites were 
located in the northern, west-central, and southern areas of Charlotte Harbor north of Pine 
Island, Florida (Fig. 3.1).  Water quality data including temperature, salinity and 
dissolved oxygen (mg/L) were recorded at 0.5m depth intervals when LARS were 
periodically retrieved to download data.  These data were collected approximately every 
one to three months.  Maximum sound pressure levels were regressed against bottom 
dissolved oxygen concentrations from data collected in April through October.  
Maximum sound pressure levels were cross-correlated with river flow data gauged at the 
USGS Shell Creek near Punta Gorda station from June 1 – June 10. 
  
RESULTS 
Sound production by Sciaenid fishes, including sand seatrout (Cynoscion 
arenarius), spotted seatrout (Cynoscion nebulosus), and silver perch (Bairdiella 
chrysoura) was recorded from February through November, 2005 in Charlotte Harbor, 
Florida.  The majority of sound production was by sand seatrout.  Sound production 
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occurred slightly earlier in the season at the northern sites but ended at approximately the 
same time of season throughout the harbor.   
A change in the spatial distribution of sound production occurred in association 
with a rapid, high volume increase of freshwater inflow to the harbor during the first 
week of June which persisted at elevated levels throughout the first half of August (Figs. 
3.2-A and 3.2-B).  Stratification of the water column and decreased bottom oxygen 
concentrations (< 2.0 mg/L) were recorded at all sites on June 17 and August 22 except 
for CH 6.  By October 9 bottom oxygen concentrations were above 2.0 mg/L at all sites 
along with resumed fish sound production.  Bottom concentrations of dissolved oxygen 
and maximum daily sound pressure levels were positively correlated during periods of 
April through October.  Linear regression explained 61% of the variability in maximum 
sound pressure levels as a function of dissolved oxygen concentrations for study sites in 
the northern part of the harbor (not including sites 5 and 6) (Fig. 3.3).     
Cross correlations of daily maximum sound pressure levels and river flow over 
the ten days, 6-01 – 6-10 were negative and strongest at 0 lag for sites CH 1, CH 7, and 
CH 3 and at a -1 lag for CH 5.  Cross correlations were positive at 0 lag for CH 6 and at a 
-1 day lag for CH 4.  Site CH 4 was negatively correlated with river flow when the 
duration of days used in the cross correlation increased from 10 to 20 (6-01 – 6-20) 
(Table 3.1).   
 
DISCUSSION 
 The seasonal duration of sciaenid sound production recorded in this study 
approximates the seasonal spawning duration for these species (Johnson, 1978).  If 
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acoustic sampling was only conducted in the northern portions of the harbor, a bi-modal 
pattern in sound production would have seemed apparent.  However, when taking into 
account the data from the southern site (CH 6) it becomes clear that high levels of sound 
production occurred from late March through late October in the Charlotte Harbor.   
The pattern in sound production documented in this study demonstrates a typical 
response by estuarine fishes to changes in environmental conditions associated with an 
increase in freshwater inflow to the estuarine system.  Low or depleted bottom oxygen 
concentrations combined with a shift seaward of the zooplankton maximum would 
explain the lowered levels of sound production in the northern harbor with concurrent 
increase in sound production at the southern study site and a return of sound production 
in the northern harbor when bottom waters became re-oxygenated.  The response of fish 
sound production to increased flows appeared to be almost immediate.  At most of the 
northern sites maximum sound pressure levels began to decline within days of flow 
increase and within approximately two weeks minimum sound pressure levels were 
reached.  Sound production at CH 4 continued at higher levels for longer, following the 
increase in freshwater inflow, than the other northern sites and even the second site 
furthest south (CH 5).  This is why the cross-correlation for this site remained positive 
until the time series used was increased to a 20 day period.  Reasons for this may be 
associated with specific hydrodynamic conditions that exit in this area which preserved 
this site for longer.  
This study demonstrated that acoustic monitoring of fish represents another useful 
method for studying estuarine ecosystem function.  Much consideration has been given to 
understanding the response of the estuary to managed freshwater inflow.  One of the 
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major difficulties in assessing this is in the ability to make meaningful measurements of 
processes on more immediate time scales.  Remote water quality monitoring stations 
represent a major investment for studying estuarine quality.  Hydrophones could be easily 
accommodated within the sensor array on these platforms and would provide biological 
data as a complement to an otherwise mainly abiotic suite of information. 
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Table 3.1.  Cross correlation results of river flow and maximum sound pressure levels 
(SPL) of fish choruses using the ten and twenty day periods: 6/1 – 6/10 (columns 2&3) 
and 6/1 – 6/20 (columns 4&5).  Maximum SPL were negatively correlated at all sites 
except CH 6, the southern-most from the river mouth.  Lags of 0 days at sites CH 1, 2, 
and 3 demonstrate the rapid influence of freshwater inflow on sound production at these 
northern sites over the 10 day period.  Lags of 1 and 2 days at CH 4 and CH 5 
demonstrate delays in the effect of freshwater inflow on sound production at these sites 
over the 10 day period.  Cross correlations performed over the 20 day period show the 
same trends among the sites (negative/positive) but lag periods change as a result of 
changes in volume of fresh water inflow.  River flow data were collected by the United 
States Geological Survey (USGS) gauge at the Shell Creek near Punta Gorda station 
(02298202).  
 
           
     6/1 - 6/10     6/1 - 6/10     6/1 - 6/20     6/1 - 6/20 
Site lag  r lag r 
CH 1 0 -0.78 -4 -0.54 
CH 2 0 -0.73 0 -0.66 
CH 3 0 -0.74 -6 -0.54 
CH 4 -1 0.74 -6 -0.66 
CH 5 -2 -0.74 0 -0.48 
CH 6 0 0.66 0 0.45 
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Figure 3.1.  Study site locations in Charlotte Harbor where long term acoustic recording 
systems were deployed during 2005.  Ten seconds of sound were recorded every ten 
minutes at all study sites. 
Charlotte Harbor 
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Figure 3.2-A.  Acoustic time series data of fish sound production recorded in Charlotte Harbor, Florida 2005.  Fish sound production 
began in early February and increased throughout the season until approximately the beginning of November.  A substantial drop in 
sound pressure levels (SPL) occurred in early June at all study sites except for CH6, the furthest south from the river mouth, which 
increased during this same time.  The drop in SPL is associated with increased freshwater inflow and a consequent decrease in bottom 
water dissolved oxygen concentrations.  A seaward shift in the zooplankton maximum would likely also have occurred following the 
increased freshwater inflow to the harbor causing a spatial redistribution of estuarine biota.
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Figure 3.2-B.  Calculated two week mean and standard deviations of acoustic time series of data of fish sound production shown in 
Figuure 3.1-A. 
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Figure 3.3  Regression of maximum nightly sound pressure level and bottom dissolved oxygen concentrations data during April 
through October from the study sites located in northern Charlotte Harbor (CH 1, 2, 3, 4, and 5).  These sites and time periods were 
selected because they are located within the range of influence of freshwater inflow and during seasonal periods of fish sound 
production.
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CHAPTER FOUR 
Timing of Black Drum Sound Production 
 
INTRODUCTION 
Knowledge of the timing and location of spawning provides fundamentally 
important information for the management of fish species; and this knowledge can be 
acquired for soniferous species using hydrophone surveys (Mok and Gilmore, 1983; 
Luczkovich et al., 1999).  Traditional methods for acquiring this knowledge rely upon the 
collection and examination of fish for spawning condition via gonad histology and 
gonado-somatic indices and also by back-calculating the time of spawning from the ages 
of eggs or larvae at the time of collection (Peters and McMichael, 1990; Nieland and 
Wilson, 1993; Fitzhugh et al., 1993).  In some cases direct observations of spawning have 
been made at fish aggregation sites using SCUBA, remote cameras, and submersible 
vehicles, (Domeier and Colin, 1997; Erisman and Konotchick, 2009).  While effective, 
these methods are labor intensive and costly and are not practical for providing high 
resolution quality data over an entire spawning season or at multiple sites within a 
season.   
      Many fishes produce sounds associated with reproductive behavior and the use of 
hydrophone recordings to document patterns in acoustic behavior has been conducted for 
many years (Breder, 1968; Luczkovich et al., 1999; Gilmore, 2003; Mann et al. 2008).  
Relatively recent advances in technology have made low-cost submersible acoustic 
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recording systems available for this purpose.  These recording systems, along with signal 
processing software, now represent the most practical method available to collect long-
term high resolution acoustic data on spawning behavior of soniferous fishes, many of 
which include commercially and recreationally managed species.  Such data can be 
collected synoptically over wide spatial scales and in remote environments that may not 
be accessible by other methods.  When acoustic data are combined with environmental 
data collected on the same time scales a great deal can be learned about the ecology of 
sound production and spawning site selection.   
      The black drum is a large, long-lived sciaenid that ranges from the Bay of Fundy 
to Argentina (Sutter et al. 1986; Hoese and Moore, 1998).  In the Gulf of Mexico black 
drum spawn in bays and estuarine habitats from late fall through early spring (Murphy 
and Taylor, 1989; Peters and McMichael, 1990) and produces high intensity sounds 
associated with courtship and spawning (Mok and Gilmore, 1983; Saucier and Baltz, 
1993) that may exceed 170 dB re: 1µPa (Locascio and Mann, in press).  In this study our 
objectives were to record high temporal resolution acoustic data and describe patterns of 
black drum sound production during the spawning season and to compare them to 
previously collected traditional reproductive data that were used to document the 
spawning season of black drum.  
 
METHODS  
      Long-Term Acoustic Recording Systems (LARS) were deployed in residential 
estuarine canals at one site in Punta Gorda and at three sites in Cape Coral, Florida (Fig. 
4.1) to document patterns of sound production by black drum during their spawning 
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season.  One LARS was deployed at the Punta Gorda site from March 22 – May 3, 2004 
and December 12, 2004 – May 4, 2005.  At Cape Coral sites 1 and 3 (CC 1 and CC 3) 
LARS were deployed from February 12 – April 6, 2005 and at  Cape Coral site 2 (CC 2) 
from February 12 – May 6, 2005 and October 21, 2005 – June 7, 2006.  Surface and 
bottom water temperature data were recorded at CC 2 during the October, 2005 – June, 
2006 deployment using  Hobo® temperature data loggers (model UA-002-08; Onset 
Computers) programmed to record data at ten minute intervals.  The surface temperature 
data logger was attached to a buoy and suspended 0.5m below the surface.  The bottom 
temperature data logger was attached to the LARS, and recorded temperature data at 
0.5m above the bottom.  During this deployment the LARS stopped recording after the 
first week and was reprogrammed and redeployed on December 3, 2005.  With this 
exception, all LARS functioned according to schedule.   
     Two LARS models were used for recordings: a Persistor CF2 computer (sample 
rate 2,634 Hz) and a Toshiba Pocket PC model E755 (sample rate 11,025 Hz).  The 
Persistor-based LARS was used for all recordings except the October 21, 2005 – June 7, 
2006 deployment at CC 2, where the Pocket PC was used.  High Tech Inc. 96-min series 
hydrophones were used on all LARS (sensitivity -164dB re: 1V/1µPa and flat frequency 
response of 2 Hz – 37 kHz). The sensitivity of each recorder was calibrated by recording 
a 0.1 Vpeak sinusoidal voltage.  LARS were anchored and remained positively buoyant 
0.5 m above the bottom.  Water depth at all sites was approximately 7 m and the bottom 
was a soft composite of mud, sand, and clay.  
      Each 10 second file was analyzed with a fast Fourier transform (FFT) to generate 
a power spectrum from which the band sound pressure level in 100 Hz wide bins was 
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calculated.  The SPL was greatest in the 100 – 200 Hz band and a five point moving 
average of data in this frequency range was used for all time series analyses.  Mean 
daytime SPL was calculated from 0700 – 1500 hours for each site and season separately.  
A chorusing threshold was defined as 2 standard deviations above mean daytime SPL and 
used to delineate the start and end times of nightly black drum chorus events.  Chorus 
duration, total acoustic energy (TAE), and maximum SPL were then calculated for each 
time series using a custom MATLAB script.  To be considered a chorus event the SPL 
were required to exceed the threshold for a minimum of five consecutive points.  This 
controlled for the infrequent cases where SPL briefly exceeded thresholds during the 
daytime due to vessel noise, weather, or occasional daytime calls made by black drum.  
TAE (dB re 1 µPa·s) was calculated by integrating the acoustic energy (after converting 
SPL to µPa) over the duration of time SPL exceeded the threshold (e.g. summing the area 
under the curve).  This is similar to the calculation of sound exposure level (ASEL) 
(ANSI S1.1-1994).   
      Correlations were performed between TAE and maximum SPL and between 
chorus duration and maximum SPL on time series from each site and season.  The 
purpose was to evaluate the use of the maximum SPL to represent the total black drum 
sound production that occurred on a nightly basis.  Linear regressions were performed 
between chorus start time and sunset and correlations were performed between chorus 
start and end times, between chorus start time and time of maximum SPL, and between 
chorus start time and maximum SPL for each time series.  Data were examined for 
normality based on standardized kurtosis and skewness.  If data were non-normal a 
Spearman correlation was performed instead of the Pearson correlation. The ascending 
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and descending slopes of nightly chorus events from each time series were calculated 
from the chorus start to the time when the sound level first reached 6 dB below maximum 
SPL and from the time the sound level decreased 6dB below maximum SPL to the chorus 
end.  Differences between ascending and descending slopes were tested using the Mann-
Whitney non-parametric test.  Correlations were performed between sites using 
concurrent data of chorus start time, chorus end time, chorus duration, and time of 
maximum SPL recorded during February 14 – April 6, 2005 at all sites.  Alpha values for 
these correlations were adjusted using sequential Bonferroni tests to correct for 
experiment-wise error (Sokol and Rolf 1995).  Cross correlations were performed 
between nightly maximum SPL, including nights where calling occurred but chorus 
thresholds were not exceeded, and the corresponding surface and bottom water 
temperature data for the 2005-2006 CC 2 time series.  Fourier analysis was used to 
examine patterns of lunar periodicity in black drum sound production in the Punta Gorda 
time series recorded during December, 2004 – May, 2005 and the CC 2 time series 
recorded during October, 2005 – June, 2006.   
 
RESULTS:        
     TAE and maximum SPL, and duration and maximum SPL were positively and 
significantly correlated for all sites and seasons (Table 4.1).  The association between 
TAE and maximum SPL was high (r = 0.95 to 0.99), and thus maximum SPL was used to 
quantitatively represent black drum sound production on a nightly basis.  The only other 
soniferous fish species we found in a qualitative review of the acoustic recordings was 
the gulf toadfish (Opsanus beta).  The fundamental frequency of gulf toadfish is 
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approximately 280Hz, (Fine and Thorson, 2002) and so their calls did not contribute to 
SPL calculated in the 100-200 Hz frequency band for black drum.   
      Black drum demonstrated a diel pattern of sound production.  Calling was 
occasionally recorded during the mid morning and through the early afternoon but 
increased dramatically during the late afternoon/early evening and chorus durations lasted 
up to 12 hours during peak season (Fig. 4.2).  Regressions of chorus start time and time 
of sunset resulted in higher r2 values for the shorter time series which began during 
February, 2005 (CC 1, CC 2, CC 3) and March, 2004 (PG) (r2 = 0.39 to 0.54), than for the 
two longer time series that covered the majority of the season, CC 2 2005-2006 (r2 = 
0.04) and PG 2004-2005 (r2 = 0.02).  Data used for all correlations were normally 
distributed except for data of chorus start time from CC 3 which was slightly non-normal 
and so Spearman correlations were performed with these data.  Chorus start and end 
times were negatively, and in most cases significantly, correlated for all time series which 
indicated that later start times generally meant earlier end times and conversely earlier 
start times were associated with later end times.  Correlations of chorus start time and 
maximum SPL were strongly negative and significant for all time series, indicating that 
earlier chorus start times were associated with a higher maximum SPL. However, chorus 
start time and time of maximum SPL were positively and relatively weakly correlated.  
Results of these correlations are detailed in Table 4.2 and data are graphically represented 
in Fig. 4.3.  Monthly means of chorus start and end times were more variable than the 
monthly mean time of maximum SPL however the variability about the means for each of 
these parameters were similar among months (Table 4.3, Fig. 4.4).  The ascending slopes 
measured from the chorus start to the time corresponding to a sound level 6 dB below the 
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maximum SPL were significantly greater than the descending slopes for all time series 
(Table 4.2).   
      A distinct seasonal pattern was evident in black drum sound production recorded 
at each site during each season (Fig 4.5-A).  Black drum calls were recorded as early as 
the third week of October, 2005 at CC 2, which was the earliest deployment of a LARS.  
Threshold levels were first exceeded for 1-2 hour durations at this site in mid-late 
December, 2005 on four different nights.  Beginning with the first week of January, 2006 
threshold levels were exceeded each night continually through the first week of April, 
2006 and calls at sub-threshold levels were last recorded on April 10, 2006.  Black drum 
calls were recorded on the first day (Dec. 13) of the PG 2004-2005 deployment.  
Threshold levels were first exceeded during the first week of January, 2005 and last 
exceeded during the third week of April, 2005.  Black drum calls were last recorded 
during this deployment on April 27, 2005.  For both the CC 2 2005-2006 and PG 2004-
2005 time series monthly mean maximum SPL were greatest during January through 
March and peaked in February, but the January and February values were nearly identical 
at CC 2 and February and March values were more similar than the January value at PG.  
The time series which began in February, 2005 (CC sites) and March, 2004 (PG site) 
produced maximum SPL patterns which conformed to those established by the longer 
time series at their respective sites (Table 4.4, Fig. 4.5-A and 4.5-B).  The last black drum 
calls were recorded on April 5, 2005 at each of the CC sites and on May 1, 2004 at the 
PG site.  The CC 2 2005-2006 time series began and ended somewhat abruptly based on 
supra-threshold levels.  Data recorded at each of the CC sites during 2005 demonstrated a 
similar pattern at the end the season.  In contrast to the CC sites, maximum SPL during 
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both years at the PG site increased and decreased more gradually at the start and end of 
each season and sound production continued for 2 – 3 weeks longer.  Maximum SPL at 
PG were also generally lower and more variable than at the CC sites.   
      Time series data of maximum SPL and corresponding temperature data for CC 2 
are shown in Fig. 4.6. The greatest coefficient produced by the cross correlation of 
maximum SPL and bottom temperature was -0.81 at 0 days lag.  The correlation 
coefficient produced by surface temperature and maximum SPL at 0 days lag was -0.14 
and the greatest coefficient was -0.4 at 22 days lag.  Surface temperatures ranged from 
approximately 17.5 to 26o C during the period we recorded black drum sound production 
(12/4/05 - 4/10/06), but fluctuated within a range of about 18 to 22o C during 12/4/05 - 
2/20/06 (x¯ = 20.3, stdv = 1.8, n = 78) and 22.5 to 26o C (x¯ = 23.9, stdv = 1.2, n = 48) 
during 2/21 – 4/10/06.  Surface temperatures during these two periods were significantly 
different (t = -14.8, p = < 0.01).  Cross correlations between maximum SPL and surface 
temperature for each of these time periods produced maximum correlation coefficients of  
-0.33 at 2 days lag for the period 12/4/05-2/20/06 and -0.69 at 1 day lag for the period 
2/21 – 4/10.  Bottom temperatures ranged from approximately 17 to 24o C over the entire 
time series and were less variable than surface temperatures.  The seasonal peak in 
maximum SPL occurred when surface and bottom temperatures were between 18 and 22o 
C during early January through late February.   
      Concurrent data of chorus start, chorus end, and chorus duration were positively 
correlated between all sites except PG and CC 1 (Table 4.5).  A stronger association 
however existed among the Cape Coral sites for each of these variables and in particular 
for chorus start time (Fig. 4.7).  Correlations of time of maximum SPL between sites 
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demonstrated weak, insignificant associations and were either slightly positive or 
negative.  The FFT results of maximum SPL time series did not indicate black drum 
sound production occurred on a lunar cycle at either CC 2 or PG.    
 
DISCUSSION:  
      The black drum spawning season has been defined within the Gulf of Mexico by 
various authors through histological examination of oocyte development, gonado-somatic 
indices, and the collection of eggs, larvae, and juveniles (Murphy and Taylor, 1989; 
Peters and McMichael, 1990; Nieland and Wilson, 1993; and Fitzhugh et al. 1993).  
Results of these studies are in general agreement and place the spawning season from late 
fall through early spring, including some temporal variability due latitude, with peak 
spawning during February and March.  Seasonal patterns of black drum sound production 
recorded in this study at different sites and during different years are consistent with the 
spawning season defined in the literature.  These results demonstrate that passive 
acoustics can be as effective as traditional methods have been at documenting the 
seasonal reproductive period of black drum.  Figure 4.5-B features gonado-somatic index 
data of black drum, reprinted from a study by Fitzhugh, et al. (1993), to illustrate the 
relationship between reproductive condition and sound production during the spawning 
season.   
      While time series of black drum sound production at different sites and years 
conformed to the same general seasonal pattern, clear similarities and differences existed 
between them.  Sound production at PG varied by only 1 day for the date of the last 
chorus and 4 days for the date of the last call recorded between the 2004 and 2005 
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seasons.  The dates of the last recorded chorus and call were identical among CC sites 
during 2005, and differed from the CC 2 2006 time series by only 2 and 5 days 
respectively.  Sound production lasted 2-3 weeks longer at the PG site than the CC sites.  
We do not have data to explain the similarities between years at the same sites or the 
differences between the PG and CC sites, however the simplest explanation could be that 
water temperature differences were responsible for these patterns.  The PG and CC sites 
are only 40 km apart and so the influence of latitude alone may not be sufficient for 
creating enough difference in water temperature, but local effects including exposure to 
sun, wind, and influence of adjacent water bodies may contribute to cause the 
temperature differences responsible for the later end to seasonal calling in PG.   
      Differences were also evident in the lower and more variable maximum SPL 
recorded at PG and CC 3 and this may be informative of the distribution of calling fish 
within the active space of the hydrophones.  Because black drum source levels were not 
reported to be highly variable among individuals (Locascio and Mann, in press) the 
patterns of maximum SPL at these sites are likely not due to lower intensity calls but 
rather from fishes at greater and more variable distances from the hydrophone.  Both sites 
were located within smaller, narrower areas of the canal systems compared to CC 1 and 
CC 2 and may have accommodated fewer fish especially if (male) black drum establish 
territories requiring some amount of space between individuals.  Another interesting 
pattern was apparent in the correlation of concurrently collected data from all sites. The 
higher correlations among the CC sites for parameters of chorus timing demonstrates that 
acoustic signaling by black drum probably occurs in the context of a communication 
network, where the calling behavior initiated by some individuals elicits responses by 
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others and propagates throughout the population.  We were not able to confirm this 
pattern in the Punta Gorda canal system because of having only a single study site. 
      Two previous studies used hydrophone recordings to investigate black drum 
spawning behavior.  Saucier and Baltz (1993) conducted mobile hydrophone surveys in 
coastal southeast  Louisiana and recorded black drum during January through April, in 
15.0o C -- 24.0o C water temperatures, with peak sound production during March and 
April.  The highest SPL were recorded in 20.8o C (± 1.01) and 18.9o C (± 1.43) water 
temperatures for presumed large and moderately sized black drum aggregations, 
respectively.  Mok and Gilmore (1983) also conducted mobile hydrophone surveys and 
recorded black drum during the winter and early spring in Indian River Lagoon, Florida.  
They reported maximal sound production during January in 18.0 to 20.0o C water 
temperatures and no sound production occurred below 15.0o C.  Although water 
temperature did not reach the apparent 15.0o C lower limit for sound production during 
our study, the temperature range over which black drum were recorded (bottom: 17 - 24o 
C, surface: 17.5 - 26o C) and the range associated with highest levels of sound production 
(18 - 22o C) were consistent with previous studies.     
      The black drum is a demersal species which could account for the higher 
correlation between SPL and bottom water temperatures.  The higher correlation between 
surface water temperatures at a 1 day lag and sound production during the latter half of 
the season could indicate black drum were higher in the water column or possibly that 
this was a response to increasing photoperiod, which would be positively correlated with 
temperature.  The range of water temperatures associated with black drum sound 
production has also been reported for spawning.  Peters and McMichael (1990) back 
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calculated larval black drum birthdates from collections made in Tampa Bay, Fl. and 
estimated water temperatures were 16-20o C during the early part of the spawning season 
and 21-24o C during the peak season.  Holt et al. (1988) collected black drum eggs in 
water temperatures of 18 to 25o C in the Gulf of Mexico near Port Aransas, Texas.  
Within the black drum’s U.S. geographic range spawning has been documented to occur 
later in the year at more northern latitudes (Murphy and Taylor, 1989), but apparently 
within the same water temperature range.  In Chesapeake Bay for example, black drum 
spawn from late April through June (Wells and Jones, 2002) when water temperatures are 
within approximately the same range reported for the Gulf of Mexico during the 
spawning season (Maryland Department of Natural Resources, 2009).  Johnson (1978) 
estimated that black drum spawning at the mouth of Chesapeake Bay probably occurred 
in water temperatures of 15 - 21 o C.  Peters and McMichael (1990) also noted peak 
spawning occurred around new and full moons and suggested this was due to increased 
tidal amplitude.  We found no lunar periodicity associated with black drum sound 
production, but since the precise relationship between the timing of sound production and 
spawning has not been explained for black drum it is possible that the timing of these 
different behaviors vary.  Studies have been conducted in which associations with moon 
phase and fish sound production were reported (Breder, 1968; Gilmore, 2003; Mann et 
al,. 2008) and Aalbers (2008) found increased calling rates were associated with 
spawning, which occurred throughout the lunar cycle but more so at the time of the new 
moon to four days after. 
      Establishing chorus start and end times at 2 standard deviations above mean 
daytime levels is a conservative approach for measuring the timing of chorus parameters 
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because the earliest and latest parts of the chorus are ignored.  Nevertheless, sufficient 
variability in chorus duration measurements resulted, and strong associations between 
TAE and maximum SPL were evident in correlations for all time series.  The high 
correlation of these two parameters qualified maximum SPL to quantitatively represent 
nightly black drum sound production.  While TAE would appear to be a better choice 
because it is a more comprehensive measure, maximum SPL has the advantage of not 
depending on what threshold level is chosen, whereas TAE tends to increase at lower 
threshold levels.  The correlation between maximum SPL and chorus duration was not as 
strong as maximum SPL and TAE because the threshold points from which chorus 
duration was measured did not account for variability in duration of signal amplitude at 
levels above the threshold as did the TAE calculation.  Still, correlation results of 
maximum SPL and duration were relatively strong for all time series and ranged from 
0.59 to 0.93.  In a previous study, we found a weak negative relationship between 
maximum SPL and chorus duration of sand seatrout, Cynoscion arenarius (r = -0.24) 
(Locascio and Mann, 2008).  The relatively low correlation in this case was because data 
were collected during the peak of the spawning season when signal amplitude and chorus 
duration were consistently high and variability was low compared to the range that exists 
when data are recorded across an entire spawning season as in the present study.  
      The diel pattern of black drum sound production recorded in this study is 
consistent with general descriptions found in the literature for many fishes which produce 
sound associated with courtship and spawning.  Calling typically starts to increase from 
low daily background levels within an hour or two prior to sunset, increases rapidly, and 
reaches maximal levels within a few hours after sunset (Breder, 1968; Takemura et al. 
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1978; Mok and Gilmore, 1983; Connaughton and Taylor, 1995; Luczkovich et al. 1999; 
Gilmore, 2003; Aalbers, 2008).  In the previous hydrophone studies by Saucier and Baltz 
(1993) and Mok and Gilmore (1983) black drum calling was noted as early as 1300 and 
1400 hr, respectively and the majority of sound production occurred between 1800-2200 
hr.  The earliest chorus start time we recorded occurred at 1510 hr on Feb. 19, 2005 at CC 
2 but individual calls were occasionally recorded throughout the day.   
      Earlier chorus start times occurred during the peak spawning season and generally 
corresponded to later end times and more often to higher maximum SPL (Table 4.2).  
This pattern, along with later chorus start times at the beginning and end of the season, 
was responsible for the low r2 with time of sunset for the two longer time series.  
Connaughton and Taylor (1995) discovered a similar pattern of high intensity calling 
earlier in the day which lasted later into the evening during the peak spawning season of 
weakfish.  Various physiological indicators of reproductive readiness in weakfish, 
including increased plasma androgen levels and hypertrophy of sonic muscle in males, 
were evident during the seasonal period of maximal sound production and spawning.  
This pattern has also been documented for spotted seatrout (Brown-Peterson, 2003) and 
toadfish (Fine and Pennymaker, 1986).  It is likely that similar conditions would exist in 
black drum, contributing to the patterns we documented of earlier and increased sound 
production during their peak reproductive period.    
      For all time series the rate of increase in SPL along the ascending slope of the 
chorus event was significantly higher than the rate of decrease along the descending 
slope, and monthly means of each were not highly variable over seasonal periods.  
Similarly, monthly mean values for time of maximum SPL were not highly variable over 
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the course of the spawning season despite the relatively high variability in mean chorus 
start and end times on this time frame.  Rates of changing SPL during fish chorus events 
are not available in the literature, although in cases where sufficient diel time series data 
have been collected authors have observed a relatively rapid onset of calling and 
substantial increase in SPL over moderately short time periods (Breder, 1968; 
Connaughton and Taylor 1995; Locascio and Mann, 2008; Mann et al. 2008).  One 
mechanism for this may be for one individual’s calls to elicit responses from other 
individuals resulting in rapidly increased SPL as calling activity spreads throughout the 
network of fish.  This has been proposed to serve as a general means of aggregating 
individuals for spawning while at the same time creating the opportunity among (male) 
individuals to compete acoustically for a chance at reproduction.   There is currently 
more evidence to suggest that calling rates of individuals are not highly variable 
(Connaughton and Taylor, 1995; Locascio and Mann, in press) and so increased SPL and 
calling rates of a group are more likely due to more individuals calling as opposed to 
individuals calling more (Connaughton and Taylor 1995), although few definitive data 
exist for fish on this subject and more are needed.  The more gradual changes associated 
with the descending slope of the chorus event may therefore be due to fewer individuals 
calling as this part of the evening progresses.  This may simply be a consequence of sonic 
muscle fatigue but it may also be related to fluctuating androgen levels, as demonstrated 
on a seasonal time frame for weakfish.  To our knowledge no data has been published yet 
that demonstrates androgen levels in fish fluctuate on a daily cycle however it would 
seem to be possible especially during the spawning season.  Rubow and Bass (2009) 
recently discovered diel and seasonal differences in the function of the hormonally 
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modulated vocal motor system of the midshipman.  Bass and Zakon (2005) demonstrated 
that injections of 11-ketotestosterone increased call duration in toadfish and midshipman 
for up to 2hr and concluded that ‘11KT modulation of the vocal pattern generator may 
contribute to increased calling and the transition from a non-calling to a calling state’ 
(Bass and Zakon, 2005).  It would then seem possible that decreased calling could be 
associated with decreases of 11KT on a daily basis.   
      In this study it was demonstrated that the timing of black drum sound production 
strongly corresponds with the seasonal spawning period described in the literature.  
Long-term acoustic recording systems can therefore be used to complement traditional 
methods for defining the spawning season which are far more costly, labor intensive, and 
destructive.  Inferences about habitat quality can also be made from these acoustic data 
since spawning site selection should place early life history stages in habitats beneficial 
for growth and survival (Peebles and Tolley, 1988).  Therefore, in addition to 
documenting the timing and location of reproductive behavior of soniferous fishes, 
acoustic surveys can be a convenient and useful way to evaluate patterns of habitat use 
and in this context environmental data should be recorded along with acoustic data. 
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Table 4.1.  Correlation results of total acoustic energy (TAE) and maximum sound pressure level (Max SPL) and chorus duration and 
Max SPL for acoustic time series data recorded at each study site.  Mean background sound pressure levels and chorus thresholds are 
calculated from band level measurements of 100-200 Hz.   
                       
    mean and stdv TAE,  TAE,  chorus duration, chorus duration,
of background chorus threshold Max SPL Max SPL Max SPL Max SPL 
Site Dates  dB SPL (re: 1µ Pa) dB SPL (re: 1µ Pa) d.f. r p r p 
PG 3/22/04 - 5/3/04 85.0  (4.1) 93.2 25 0.97 < 0.001 0.76 < 0.001 
PG 12/12/04 - 5/4/05 85.7  (4.3) 94.3 82 0.98 < 0.001 0.79 < 0.001 
CC 1 2/12/05 - 4/6/05 91.6  (3.2) 98.0 42 0.99 < 0.001 0.93 < 0.001 
CC 2 2/12/05 - 5/6/05 90.7  (3.8) 98.3 102 0.99 < 0.001 0.75 < 0.001 
CC 2 12/3/05 - 6/7/06 90.0  (3.5) 97.0 42 0.99 < 0.001 0.85 < 0.001 
CC 3 2/12/05 - 4/6/05 93.1  (3.5) 100.1 39 0.95 < 0.001 0.59 < 0.001 
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Table 4.2.  Correlation results of chorus parameters, regression results of chorus start time and time of sunset, and comparisons of 
ascending and descending slopes of chorus amplitude using the Mann-Whitney test for acoustic time series data recorded at each study 
site.  Asterisks denote a Spearman correlation was performed instead of a Pearson correlation due to non-normality of data. 
                                
    chorus start time,   chorus start time,   chorus start time,   chorus start time,   ascending slope    descending slope  Mann- 
    time of sunset    chorus end time    time of max SPL         max SPL   to -6db max SPL from -6dB max SPL Whitney 
Site Dates d.f. r^2 P r p r P r p mean stdv mean stdv p 
PG 3/22/04 - 5/3/04 25 0.41 <0.001 -0.65 0.001 0.28 0.12 -0.67 < 0.001 2.1 0.8 1.5 0.85 0.003 
PG 12/12/04 - 5/4/05 82 0.02 0.33 -0.56 < 0.001 0.19 0.1 -0.74 < 0.001 2.4 1.44 1.7 1.1 0.004 
CC 1 2/12/05 - 4/6/05 42 0.54 <0.001 -0.34 0.03 0.41 0.006 -0.78 < 0.001 3.1 1.32 1.7 0.62 <0.001 
CC 2 2/12/05 - 5/6/05 102 0.43 <0.001 -0.28 0.07 0.38 0.01 -0.78 < 0.001 2.9 0.95 2.3 0.87 0.006 
CC 2 12/3/05 - 6/7/06 42 0.04 0.06 -0.61 < 0.001 0.02 0.81 -0.85 < 0.001 3 1.42 1.8 0.9 <0.001 
CC 3 2/12/05 - 4/6/05 39 *0.39 <0.001 *-0.27 0.1 *0.31 0.06 *-0.56 < 0.001 1.8 0.85 1.2 0.88 <0.001 
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Tables 4.3-A, 4.3-B, 4.3-C.  Monthly means and standard deviations of chorus start time (4-A), time of maximum SPL (4-B), and 
chorus end time (4-C) for acoustic time series data recorded at each study site.  
4.3-A Chorus Start Time                         
  December     January   February     March      April           ALL 
Site Dates mean stdv mean stdv mean stdv mean stdv mean stdv mean stdv 
PG 3/22/04 - 5/3/04 19:30 0:26 20:20 0:27 20:02 0:36
PG 12/12/04 - 5/4/05 21:13 0:34 19:44 1:28 19:43 0:56 21:12 0:36 20:12 1:15
CC 1 2/12/05 - 4/6/05 17:40 0:50 18:32 0:54 20:45 0:07 18:19 1:02
CC 2 2/12/05 - 5/6/05 17:59 0:37 18:23 0:41 20:38 1:12 18:26 1:00
CC 2 12/3/05 - 6/7/06 20:20 1:29 17:39 1:04 17:41 1:06 18:54 0:42 20:39 1:30 18:23 1:20
CC 3 2/12/05 - 4/6/05         18:19 0:31 18:59 0:55     18:48 0:56
4.3-B Time of maximum SPL                         
   December     January     February      March       April           ALL 
Site Dates mean stdv mean stdv mean stdv mean stdv mean stdv mean stdv 
PG 3/22/04 - 5/3/04 21:40 0:50 21:30 0:39 21:34 0:42
PG 12/12/04 - 5/4/05 22:59 1:12 22:43 0:57 22:19 0:47 22:31 0:44 22:35 0:55
CC 1 2/12/05 - 4/6/05 21:00 1:03 21:13 0:58 22:55 1:17 21:11 1:04
CC 2 2/12/05 - 5/6/05 21:20 0:56 21:32 0:46 21:40 0:34 21:29 0:49
CC 2 12/3/05 - 6/7/06 21:43 0:50 22:28 1:12 21:59 0:56 21:40 0:36 21:50 1:01 22:01 0:59
CC 3 2/12/05 - 4/6/05         21:50 0:57 21:16 1:18     21:50 1:08
 
 
                         
 
72 
 
4.3-C Chorus End Time 
    December     January    February     March      April       ALL
Site Dates mean stdv mean stdv mean stdv mean stdv mean stdv mean stdv 
PG 3/22/04 - 5/3/04 23:56 0:35 22:45 0:38 23:10 0:50
PG 12/12/04 - 5/4/05 23:50 0:51 1:03 0:52 0:54 0:59 23:27 0:44 0:30 1:05
CC 1 2/12/05 - 4/6/05 1:02 0:41 0:38 1:02 23:54 0:34 0:39 1:06
CC 2 2/12/05 - 5/6/05 1:00 0:34 1:35 0:48 23:03 0:23 0:41 0:52
CC 2 12/3/05 - 6/7/06 23:56 1:14 3:29 1:33 2:24 1:00 1:06 0:42 23:20 1:06 1:54 1:49
CC 3 2/12/05 - 4/6/05         0:30 0:35 0:09 0:45     0:14 0:46
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Table 4.4.  Monthly means and standard deviations of maximum sound pressure band level measurements of 100 – 200 Hz and dates 
of the last black drum chorus event and last recorded black drum calls (sub-threshold levels) at each study site and season. 
 
 
 
 
 
 
                                               
    December      January     February        March          April          May Last  Last  
Site Dates mean stdv mean stdv mean stdv mean stdv mean stdv mean stdv Chorus Call 
PG 3/22/04 - 5/3/04 111.0 12.6 99.1 6.5 91.0 0.0 4/21/2004 5/1/2004 
PG 12/12/04 - 5/4/05 88.4 3.4 101.9 11.6 116.7 8.9 113.4 7.8 98.3 7.4 90.1 0.4 4/22/2005 4/27/2005
CC 1 2/12/05 - 4/6/05 126.9 4.2 116.8 12.3 105.2 5.5 4/4/2005 4/5/2005 
CC 2 2/12/05 - 5/6/05 128.5 3.1 118.6 13.7 96.6 6.4 96.9 0.7 4/4/2005 4/5/2005 
CC 2 12/3/05 - 6/7/06 96.6 7.0 129.4 8.6 130.7 4.5 123.8 4.8 98.3 6.0 96.6 1.7 4/6/2006 4/10/2006
CC 3 2/12/05 - 4/6/05         119.0 6.5 111.5 7.7 101.0 2.0     4/4/2005 4/5/2005 
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Table 4.5.  Correlation results of chorus parameters from concurrently recorded acoustic time series data at all study sites.  The Cape 
Coral sites were more highly correlated with one another than with the Punta Gorda site.  This indicates that the Cape Coral 
population of black drum may function on a network level of acoustic communication where individuals function as nodes.  Asterisks 
denote alpha values adjusted for experiment-wise error.     
 
 
 
                                      
Sites         Chorus Start Time          Chorus End Time           Chorus Duration           Time of max SPL   
r p d.f. r p d.f. r p d.f. r p d.f.
PG, CC 1 -0.06 0.71 40 0.31 0.05 39 0.15 0.35 40 0.21 0.21 39 
PG, CC 2 0.37 *0.02 40 0.29 0.07 40 0.41 0.01 40 -0.08 0.64 40 
PG, CC 3 0.16 0.34 38 0.32 *0.05 38 0.26 0.11 38 0.12 0.48 38 
CC 1, CC 2 0.72 <0.001 42 0.57 <0.001 42 0.79 <0.001 42 0.19 0.24 42 
CC 1, CC 3 0.72 <0.001 39 0.38 0.02 39 0.52 <0.001 39 -0.02 0.91 39 
CC 2, CC 3 0.77 <0.001 39 0.61 <0.001 39 0.69 <0.001 39 -0.10 0.53 39 
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Figure 4.1.  Study site locations within the estuarine canal systems of Punta Gorda and 
Cape Coral were acoustic recordings of black drum sound production were made.  In 
Cape Coral, green is the location of site 1, red is the location of site 2, and yellow is the 
location of site 3.  Blue represents the location of the single study site in Punta Gorda, 
Florida. 
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Figure 4.2.  Diel periodicity of black drum sound production demonstrated by a 24h-
overlay plot of data recorded from 2/15/05 – 3/16/05 at CC 2.  Sound production 
increases dramatically during the late afternoon/early evening and is sustained well above 
daytime background levels for many hours during peak spawning season.  The grey 
portion of the diel color bar at the top of the figure bar represents the range of sunset and 
sunrise over range of dates these data were recorded.   
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Figure 4.3.  Times of chorus start (empty circle), chorus end (filled circle), and sunset (line) represented by select time series data.  
Chorus start times were negatively correlated with chorus end times and so earlier chorus start times generally corresponded to later 
chorus end times and longer chorus duration.  Regressions of chorus start time and sunset demonstrated weak associations between 
these parameters over longer time series and moderately strong and positive associations over the shorter time series which began in 
the middle or later part of the spawning season. 
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Figure 4.4.  Monthly means and standard deviations of chorus start and end times and time of max sound pressure levels (SPL) for all 
time series.  Chorus start times are indicated by the bottom series of lines, chorus end times by the top series of lines, and time of max 
SPL by the middle series of lines in each figure.  Mean chorus start and end times were more variable than the mean time of max SPL. 
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Figure 4.5-A.  Acoustic time series data from all study site locations and years.  Ten seconds of acoustic data were recorded every ten 
minutes. Sound pressure levels were calculated as the band level of 100 – 200 Hz.  Increased sound pressure levels during the late 
winter and early spring are consistent with patterns of reproductive readiness of black drum during their spawning season in the Gulf 
of Mexico.  Patterns in sound production are similar between years for each study site.
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Figure 4.5-B:  Monthly means and standard deviations of sound pressure level data from all sites and years (top two figures) along 
with gonado-somatic index (GSI) data reprinted from Fitzhugh et al., 1993 (bottom figure).  Patterns in the timing and levels of black 
drum sound production are in general agreement with patterns in GSI data collected from coastal waters of Louisiana.  Peak GSI data 
from coastal Louisiana occur slightly later in the year than peak levels of sound production recorded in southwest Florida due to the 
influence of latitude and temperature on spawning and sound production, which occur earlier at lower latitudes.  
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Figure 4.6.  Nightly maximum sound pressure level data from the CC 2 2005-2006 time series (top figure) and bottom and surface 
water temperature data (bottom figure).  Ten seconds of acoustic data were recorded every ten minutes during the period of 12/4/05 – 
4/10/06.  Sound production was most highly correlated with bottom water temperatures on a seasonal basis (r = -0.81), and was 
greatest when surface and bottom temperatures were approximately 18 to 22o C.  
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Figure 4.7.  Concurrently recorded data of chorus start time from all study site locations are shown.  Correlations were greatest among 
the Cape Coral sites for chorus timing parameters (see Table 4.5) which may indicate the population of black drum in Cape Coral 
function on a network level of communication where information is transmitted throughout the population via individuals acting as 
nodes.    
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CHAPTER FIVE 
Localization and Source Level Estimates of Black Drum (Pogonias cromis) Calls 
 
INTRODUCTION 
The knowledge base associated with the study of sound producing fishes has 
expanded greatly over the past several decades.  This is due in part to increased 
recognition of the extent to which teleost fishes use sound and the practicality 
demonstrated by passive acoustic methods for documenting reproductive behavior of 
soniferous fishes.  Increased development of recording technologies and data processing 
algorithms have lead to the  production of long term, high temporal resolution time series 
data of fish sound production on daily and seasonal time scales (Locascio and Mann, 
2008; Mann et al., 2008; Mann and Grothues, 2009).  Important advances in the field 
have been the identification of species-specific sounds, the behavioral context in which 
they are produced and the variety of anatomical features and physiological and neuronal 
processes responsible for sound production (Winn, 1964; Fish and Mowbray, 1970; Fine 
et al., 1977; Mok and Gilmore, 1983; Fay and Simmons, 1999; Ladich and Popper, 
2004).  Considerable effort has also been dedicated to understanding the auditory 
sensitivity of fishes.  Early experiments involved behaviorally conditioned responses to 
stimuli and in 1998 Kenyon et al. published the first auditory brainstem response (ABR) 
results for a fish.  Since the time of Kenyon’s ABR publication the technique, referred to 
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now as auditory evoked potential (AEP) has been repeated on a wide variety of fishes to 
create audiograms.   
      Despite the extensive research on hearing and sound production, few studies have 
investigated the parameters necessary for linking these aspects in a way that allows 
communication ranges to be estimated.  There have been studies on the propagation of 
damselfish sounds (Mann and Lobel, 1997; Maruska et al., 2007), oyster toadfish (Fine 
and Lenhardt, 1983), midshipman (Bass and Clark, 2003) two species of freshwater 
gobies (Lugli and Fine, 2003), and one study on the source levels of oyster toadfish 
(Barimo and Fine, 1998).  There have been no reports of propagation of sciaenid sounds 
(Mann et al., 2008) and only one estimate of a potential range of source levels from a 
single silver perch call (Sprague and Luczkovich, 2004).    
      Source level estimates along with habitat specific signal transmission loss, 
background sound levels and hearing sensitivity data are required for estimating the 
communication range of soniferous fishes.  Source level data are also required in passive 
acoustic studies where estimates of the number of vocalizing individuals within the active 
space of a hydrophone are desired.  Estimates of source levels along with signal 
transmission loss can be made using an array with a minimum of 3 hydrophones.  Signal 
arrival time differences between each hydrophone are used to localize the position of the 
source.  The resulting distances between the source and hydrophones are regressed 
against the received levels at each hydrophone and this provides an estimate of signal 
transmission loss.  By definition a source level is the sound pressure level (SPL) at 1 
meter away from the source.  Therefore, the transmission loss estimate (slope of 
regression) is used together with the source’s location to back-calculate the SPL at the 
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required 1 meter distance from the source.  This method also has the potential to track the 
movements of vocalizing fishes and thereby gain important behavioral information 
associated with the sound production.  These localization techniques have been used a 
great deal with marine mammals to both track them and estimate source levels (Janik, 
2000; Clark and Ellison, 2000; Hayes et al., 2000; Gedamke et al., 2001; Mellinger, 
2005; Miller, 2006).                 
      Canal side residents of Cape Coral, Florida have long complained of loud, low 
frequency ‘booming’ sounds occurring in their homes after dark during winter months.  
Our suggestion to the city that a species of fish may be the source was received with 
mixed feelings.  Upon conducting an acoustic survey of the canal systems we were able 
to confirm that indeed a population of vocalizing black drum inhabited the canals and 
was responsible for the sonic disturbance experienced by some community members.  
Black drum are a large, demersal fish in the Sciaenid family that are well-known for 
producing sounds. More importantly, we discovered an excellent field site for studying 
black drum sound production and associated behavior in great detail. 
      The main goals of this study were to measure source levels and propagation of 
black drum calls and to develop an algorithm for automatic detection of calls and specific 
peaks within calls for localizing the position of calling fish.  We also measured the 
hearing of a black drum to estimate potential acoustic communication range based on 
source level, propagation loss, background levels, and hearing thresholds. 
 
METHODS 
A. Field Recordings 
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      Recordings of black drum were made from a dock in a sea-walled estuarine canal 
system of Cape Coral, Florida (26°33'3.00"N  81°59'18.50"W)(Fig. 5.1) on March 13, 
2005 using a four-element linear array of High Tech Inc. 96-min-series hydrophones 
(sensitivity: -164 dB re: 1V/1µPa and flat frequency response of 2 Hz-37 kHz ) 
connected to a calibrated Alesis adat HDXR24 multi-track hard disk recorder which 
sampled at 44.1 kHz and 24-bit resolution.  Hydrophones were spaced relative to each 
other at 0, 8, 24, and 56 meters.  A fifth, laterally offset hydrophone was used only for 
resolving the left-right ambiguity of the array.  Hydrophone cables were anchored to the 
bottom with lead weights and hydrophone elements were buoyed 0.5 meters above the 
bottom with a small foam collar.  Water depth at the site was seven meters and the 
bottom was a composite of soft clayey-silt.  Acoustic data were recorded continuously 
from 1900 – 2100 hours.  Temperature, salinity, and depth data were recorded with a 
Eureka Manta multi-probe and used to calculate the speed of sound in the water 
(Mackenzie, 1981).  The water column was well mixed (i.e. not stratified) and 
atmospheric conditions were clear and calm during recordings.    
B.  Automatic Signal Detection and Localization 
      In order to estimate source levels (SL) the distances between the source and the 
hydrophones must be reliably known.   In this study such distance estimates were made 
by localizing the source’s position with a MATLAB routine called Ishmael 1.0 
(Mellinger, 2001).  This program uses a hyperbolic function based on differences in 
signal arrival times at each hydrophone and a least-squared-error fit to estimate the X-Y 
position of the source.  Required input for the localization algorithm includes the 
 
87 
 
hydrophone positions in Cartesian coordinates, the speed of sound in the water, and the 
signal arrival time differences between hydrophones.                  
      To determine signal arrival time differences, a detection  algorithm was created 
using MATLAB v7.5.0 to automatically find the same peak within an individual call on 
the four different recording tracks and then calculate the signal arrival time differences 
between them.  An illustrated summary of the steps used in this process are shown in 
figures 5.2-A and 5.2-B.  This program worked by first detecting individual calls and 
then using the results as reference points, detected a target peak within the first part of 
individual calls.  To detect calls, time series of acoustic data were first low-pass filtered 
using a ten-point moving average and the resulting time series was rectified (absolute 
values calculated) and then enveloped using a 4410 point moving average.  This signal 
processing has the effect of making the target of interest more easily detectable because 
the variability in amplitude over time is diminished leaving a broadened, more 
generalized peak (e.g. individual calls) available for detection.  An amplitude threshold 
was used to determine the index where the signal amplitude exceeded this level.    
      The resulting index values from the call detection process were used as the basis 
for peak detection within individual calls, because it was typically the largest peak.  The 
first negative peak of each call was targeted.  The search for the target peak was 
conducted on the unfiltered time series data and based on an amplitude threshold setting 
and a range of index values occurring prior to and after the index value of the reference 
peak from the call detection process.  The MATLAB function, ‘findpeaks’ was used to 
identify and return the index value of the first negative peak within the search range that 
exceeded the amplitude threshold.  This approach required some fine tuning of the search 
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criteria (i.e. amplitude and range of points searched) because the call detection is 
performed on filtered data and peak detection is performed on unfiltered data.  Also the 
signal-to-noise ratio may change or the received level (RL) or calling rate may change 
over the course of the acoustic recordings.  It was most effective to detect the peaks on 
the track with the highest RL for target signal first and then use these results to search for 
the corresponding peak on other tracks.  Because the inter-hydrophone distances, speed 
of sound, and sample rate were known we could limit the search for the corresponding 
peak on the other tracks.  For example, if two hydrophones are eight meters apart, the 
speed of sound is 1520 m/s, and the sample rate is 44.1 kHz, then the number of search 
points to find the target on the second track must be limited to 232 (i.e. 
8/1520*44.1=232).  From these detected peaks, signal arrival time differences between 
hydrophones were calculated and used in the localization algorithm to estimate the 
location of calling fish.   
       The detection program also calculated the RL of calls for each track as peak and 
RMS dB re: 1µPa SPL from the unfiltered time series data, using the equation: 
20*log10(signal) + 164 + 20, where: ‘signal’ is RMS or peak of the call, +164 is the 
hydrophone calibration (dBV/µPa), and +20 is the Alesis calibration from a 1V input 
signal.  The RMS calculations were limited to the first 15,000 points of each call (340 
ms) to avoid the possibility of including energy from a temporally overlapping call of 
another fish.  Call duration was measured for 50 calls that did not contain energy from 
the overlapping call of another fish.  The RMS level of these 50 calls calculated from the 
first 15,000 points was compared to the RMS level calculated from the entire call.    
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      The uncertainty associated with the estimated X-Y location of the source is 
reported by Ishmael as mean error in milliseconds, which we converted to meters by 
multiplying the value by the calculated speed of sound in the water (1520 m/s) and 
dividing by 1000.  If the localization error for a call was greater than 1.5 m the 
localization was reattempted using a custom MATLAB program,’HotWav2’ which 
incorporates the localization algorithm used in Ishmael.  Hotwav2 allows the user to view 
multi-track waveforms, manually select the target peak on different tracks and instantly 
view and save the localization results.  If the localization error was still greater than 1.5m 
the results were not used and the X-Y position was linearly interpolated from the prior 
and following X-Y positions of localized calls.  The total distance swam and mean 
swimming speed were calculated by summing the distances between successive localized 
X-Y positions of an individual calling fish recorded over a 59 minute period.  For this 
same individual we calculated the calling period from the results of the call detection 
algorithm.  A total of 81 calls from 5 other individual fish were localized using the semi-
automatic HotWav2 routine.       
C.  Source Levels   
      Received levels (RL) were regressed against distance using the log10(distance) 
model which is commonly referred to as the cylindrical spreading loss model when used 
for shallow water propagation.   A variety of alternative models were also tested and a 
square root(distance) model was determined to provide the best overall fit.  This fitted 
regression equation of the square root model was used to estimate SLs as the y-intercept 
at 1 meter.   A separate SL estimate was calculated from each of the four pairs of RL and 
distance data per call.  The mean of these four estimates from each call was used as the 
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single SL estimate of the call.  SLs were not estimated for calls in which the X-Y position 
was linearly interpolated.  SLs were estimated from calls of 6 different individual fish. 
D.  Call Energy and Propagation     
      The relative concentration of acoustic energy within individual black drum calls 
was analyzed with a 15,000-point Fast Fourier Transform (FFT) to create power spectra 
with 3 Hz wide bins.  From this we determined the frequency bin with the greatest 
concentration of acoustic energy and the fundamental frequency (n) along with associated 
harmonics.  For each frequency, n to 3n, the SPL was regressed against distance to 
determine the model which provided the best fit to the data.  The slope of the best fitting 
model was used as the transmission loss (TL) estimate.  Data used for this analysis were 
calls produced by a single individual (n=944) at many different locations and therefore 
distances from the hydrophones.  FFT results from a sub-sample of these calls (n=50) 
were plotted based on four different mean distance groups of 2.4 (SD=0.47), 8.9 
(SD=0.85), 15.5 (SD=0.97), and 47.4 (SD=0.96) meters.  Background levels and signal-
to-noise ratios (SNR) were estimated from these same 50 calls.  Background levels were 
calculated as the dBRMS re: 1 µPa SPL of the 50 ms immediately preceding the signal 
(e.g. fish call).  The SNR was calculated as RMS SPL signal – RMS SPL background.   A 
theoretical cutoff frequency for the study area was calculated using the absolute cutoff 
frequency equation for a non-rigid lower boundary (Urick, 1983, Rogers and Cox, 1988).  
The sound speed value of 1549m/s for clayey-silt was used in the equation (Hamilton and 
Bachman, 1982).  
E.  Auditory Evoked Potentials 
 
91 
 
A single black drum (FL= 42 cm), of undetermined gender was collected with a 
seine net and tested for auditory sensitivity using the auditory evoked potential method 
(AEP).  The fish was kept in an aquarium overnight and tested the following day.  The 
experiment was performed inside an audiology booth in a cylindrical steel tank 
(height=120 cm, diameter=50 cm, and wall thickness=1.5 cm) which was closed at one 
end, oriented upright and filled with 30ppt oxygenated seawater.  During the experiment 
the fish was secured in a soft mesh harness, which restricted movement but allowed for 
normal respiration, and was suspended from a laboratory stand so that the top of the head 
was 10 cm below the water surface.  Three sub-dermal stainless steel needle electrodes 
(Rochester Electro-Medical) were used for the experiment.  The signal recording 
electrode was inserted approximately 1.0 cm into the medulla region of the head, adjacent 
to the midline.  A reference electrode was inserted the same depth into the dorsal 
musculature and a ground electrode was placed directly in the water within 10 cm of the 
fish.  Acoustic stimuli and AEP waveform recordings were conducted following the 
methods of Egner and Mann (2005) but with the following modifications: acoustic 
stimuli were presented as phase alternating 50 ms pulsed tones at 75, 150, 300, 450, 600, 
and 900 Hz and 1000 signal presentations were averaged to measure the evoked response 
at each level and frequency using 5 dB attenuation steps.  Auditory sensitivity thresholds 
for each frequency were defined as the presence of a peak at twice the frequency of the 
acoustic stimulus and a minimum of 3 dB above background levels.   
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RESULTS 
      The call detection algorithm successfully identified 962 sequential calls produced 
by an individual fish over a 59 minute period.  Of this total, automatic peak detection on 
all four tracks and localization of the source to within 1.5 m of error was successful for 
805 calls.  Reattempted localization using HotWav2 was successful for 139 of the 
remaining 157 calls.  The X-Y positions of the remaining 18 calls were linearly 
interpolated.   
      The square root model provided a better overall fit to the data compared to other 
models including the conventional cylindrical spreading loss model (Fig. 5.3), which is 
often the default choice for estimating TL in shallow water in the absence of empirical 
data.  The square root model resulted in a slightly higher r-squared value and was 
centered better on the data, especially for calls close to a hydrophone, so it was able to 
provide more accurate SL estimates.  This is evident when comparing the RL and 
location of the closest call to a single hydrophone to the SLs estimated for this call by 
each model.  For example, the highest RL was 166 dBRMS re: 1µPa SPL and was located 
0.95 m from the nearest hydrophone.  The square root model for all calls predicted an SL 
of 168 dBRMS re: 1µPa SPL and the cylindrical model predicted an SL of 174 dBRMS re: 
1µPa SPL.  
      A total of 1,025 SL estimates were calculated from calls produced by six different 
individual fish over a 59 minute period.  SL estimates ranged from 159 to 174 dBRMS re: 
1µPa SPL and 171 to 185 dBpeak re: 1µPa SPL and averaged 165 dBRMS re: 1µPa SPL 
(SD=1.1) and 175 dBpeak  re: 1µPa SPL (SD=0.7).  Variability in SL estimates between 
individuals was low (Table 5.1).  Mean call duration was 600 ms (n = 50, SD = 22).  RLs 
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based on the first 15,000 sample points of a call (or 340ms) were on average 2 dB higher 
than RLs based on the entire call (600ms) and variability was quite low (n=50, SD = 
0.02).     
       Black drum produced tonal calls having multiple harmonics. Throughout the 
course of the call, durations of positive and negative peaks increased while cycle periods 
decreased and an additional drop in amplitude was evident at about 300 ms (Fig. 5.4-A).  
The majority of energy was concentrated in the fundamental frequency (94 Hz) and first 
two harmonics at 188 Hz and 282 Hz (Fig. 5.4-B).  The greatest concentration of acoustic 
energy was most commonly found in the 94 Hz frequency bin, although this became 
somewhat more variable as distance from the source to the hydrophones increased (Fig. 
5.5).  Energy levels of higher order harmonics were much lower regardless of distance 
from source to receiver.   
      The square root model provided the best fit for RL vs. distance for the entire call, 
fundamental frequency and first harmonic.  A logarithmic model provided the best fit to 
the second harmonic (Fig. 5.6-A and 5.6-B).  Background levels ranged from the mid 
120s to mid 140s dBRMS re: 1µPa SPL at each of the four distance groups (Fig. 5.7-A) 
and most of the background noise can be attributed to other calling black drum.  SNRs 
also ranged approximately 20 dB for each distance group and there was considerable 
overlap in SNR between each group (Fig. 5.7-B).  The maximum and minimum SNR 
were 39 dB at 0.95 m and -1.7 dB at 47 m.  The theoretical cut-off frequency equation 
predicted that frequencies below 282 Hz should not propagate, however frequencies well 
below (e.g. 94 Hz) this estimated cutoff did propagate.         
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      From the 962 calls produced by an individual fish over 59 minutes we calculated 
a mean calling period of 3.6 seconds (SD=0.48).  This calculation included a 28 second 
pause in calling after 39 minutes, 7 seconds of steady calling.  The total distance swam 
over the 59 minute period was estimated at 1,035 m and occurred in an area 
approximately 20 m x 40 m.  Swimming behavior included roaming throughout this area 
and occasionally performing recurrent looping and backtracking patterns over distances 
of about 5 – 10 m (Fig. 5.10-A and 5.10-B).  The mean swimming speed was 0.3 m/s 
(SD=0.15) or about 0.5 body lengths per second based on size at maturity estimates of 
approximately 0.6 m fork length for males (Fitzhugh et al., 1993; Nieland et al., 1993).  
Results of the AEP experiment indicated that of the frequencies tested the fish was most 
sensitive to those below 450 Hz and the greatest auditory sensitivity occurred at 300 Hz 
with a 94 dBRMS re: 1µPa SPL threshold (Fig. 5.8).  
 
DISCUSSION 
      Although SLs have been reported for several species of marine mammals, data on 
SLs of fishes are very rare.  In fact, we are aware of only one other published report on 
fish SLs in which calls of oyster toadfish were recorded at one meter away from artificial 
nest sites.  SL estimates averaged 126 (SD=2.7) and 123(SD=4.5) dB RMS re: 1µPa SPL 
for toadfish boatwhistle and agonistic grunts, respectively (Barimo and Fine, 1998).  
Sprague and Luczkovich (2004) estimated a possible SL range of 128-135 dBRMS re: 
1µPa SPL for a single silver perch call recorded from an ROV.  The mean SL estimate of 
black drum calls in our study was 165 dBRMS re: 1µPa SPL (SD =1.0) which has 
approximately 8000x greater intensity than estimates for toadfish and 1000-5000x greater 
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intensity than that of the silver perch call.  Table 5.2 shows how SL estimates of black 
drum compare to those of various marine mammals reported in the literature.  
Vocalization types presented in this table are used for social interaction as opposed to 
echolocation clicks commonly used for interrogating the environment and/or foraging,  
and which may typically exceed 200 dBpeak-peak re: 1µPa SPL (Rasmussen, 2002; Madsen 
and Wahlberg, 2007).  
      In the study by Barimo and Fine, recordings were made at precisely 1 meter away 
from five artificial nest sites placed on the bottom which were inhabited by vocalizing 
male toadfish.  The study was conducted in a natural, yet experimentally well controlled 
environment.  Their results demonstrated that the variability in call parameters, including 
SL estimates of individuals, likely reflected real differences in the levels of sound 
produced as opposed to differences introduced through experimental error or via 
propagation effects.   Black drum are demersal, however we cannot be certain at what 
depth the fish were when they called because we used a one dimensional horizontal linear 
array.  The depth of the sound source and receiver can greatly influence the variability of 
call parameters over distance in shallow water (Forrest et al., 1993 Mann and Lobel, 
1997).  Although we cannot be certain that the variability in estimates of black drum SLs 
relates as well to actual differences in the levels produced, the degree of variability is 
similar to that of the toadfish levels recorded by Barimo and Fine.  This comparison is a 
bit complicated because toadfish measurements were made directly at 1 meter and the 
black drum measurements were back-calculated to 1 m using the fitted regression 
equation.  Also, while our SL estimates were from six different individuals, 92% of calls 
analyzed were produced by a single fish. 
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      Propagation of sound in shallow water is a notoriously complex phenomenon.  
Transmission loss (TL) is frequency dependent and influenced by a wide range of 
variables from the condition of the sea surface to the physical/chemical properties of the 
water to the composition of the bottom and the variety of structural objects that may exist 
in between.  The cylindrical spreading loss model can provide a rough estimate of TL in 
shallow water where multipath effects are expected but site-specific information about 
factors affecting propagation are unknown (Urick, 1983; Lurton, 2002).  Use of this 
model is well represented in the literature and it is common to find results that lie 
somewhere between the cylindrical (3 dB loss per distance doubling) and spherical 
spreading loss models (6 dB loss per distance doubling) (e.g. Mann and Lobel, 1997).  
When fit to our data (of the entire call) this model estimated a transmission loss of 5.6 dB 
per distance doubling.  This model did not, however, provide the best fit to the data and 
tended to overestimate SLs by about 6 dB compared to the square root model.   
      Signal attenuation on average was greatest in the first few meters for frequencies 
of 94, 188, and 282 Hz although only the 282 Hz band behaved more in accordance with 
the expected log based cylindrical/spherical spreading loss models.  Given that the cut off 
frequency was calculated to be 282 Hz this result is not surprising.  What is surprising is 
the propagation of the 94 Hz and 188 Hz bands, which are well below the estimated cut 
off frequency.  This may be due to the fact that the acoustic impedance of the water, 
which has a sound speed of 1520 m/s, and that of the bottom sediment, which has a sound 
speed estimated at 1549 m/s are similar enough so that the physical bottom is not 
effectively the acoustic bottom.  Fine and Lenhardt (1983) explained similar results this 
way in their study on propagation of toadfish calls made over a soft bottom.  The cut-off 
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frequency is dependent on depth and bottom type (i.e. rigid vs. soft).  A rigid bottom will 
produce a stricter cut-off, as evidenced in studies of goby sound production where signals 
attenuated as much as 30 dB over a 5 to 50cm distance in rock lined shallow water 
streams (Lugli and Fine, 2003 and 2007).  A softer bottom may allow more energy to 
propagate below the theoretical cut-off as demonstrated by our data (Fig. 5.5) and by Fine 
and Lenhardt (1983).  We are not certain how thick the layer of soft bottom sediment at 
our study site is, but most certainly a layer of limestone exists below it at some point and 
this rigid layer may serve as the acoustic bottom.  In this scenario it is likely that a 
velocity gradient would exist as a result of compaction of sedimentary materials with 
depth which would also result in the refraction of sound back up towards and into the 
overlying water which is the source medium.  Under these conditions low frequency 
sounds have small reflective losses at low grazing angles (Urick, 1983).  If fish were 
close to the bottom when they were calling, and black drum are demersal, then grazing 
angles would have been low.   
      The linear array configuration we used was adequate for our purposes of 
localizing calling fish and estimating SLs and TL.  Localization of the source is optimal 
when the distance between hydrophones is on the same order of magnitude as the 
distance from the source to the array (Moehl et al., 2003; Madsen and Wahlberg, 2007).  
The maximum inter-hydrophone distance of our array was 56m and the range of 
estimated distances from the source to the array was approximately 1 to 50m.  We were 
able to record a large number of black drum calls over a relatively short time period (2 
hours) and the detection algorithm performed reasonably well on these data.  A key to the 
success of the algorithm was in its ability to find at least one reference point (the first 
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negative peak) per call that could be used to then locate the same point on other tracks.  
The search for the target peak was based on signal amplitude and a limited time range.  
This detection strategy worked in most cases because, as with toadfish (Fine and 
Thorson, 2008), black drum generally avoided or minimized overlap of their calls. When 
it failed it was usually because the call was somehow distorted on one of the tracks and 
the relevant peak could not be identified.  This was due to either propagation error in 
some form or partial call overlap.  In some instances a call on one track was entirely 
masked on the most distant track by the call of another fish close to the hydrophone 
associated with this most distant track.  Incidents of fully overlapped calls such as this 
were rare in our data and only seemed to occur when fish were calling near the opposite 
ends of the array which would have separated them by a distance of perhaps 50m or 
more.  Partial call overlap involved only the end portion of one call, (approximately the 
last 10-20%) where there was minimal energy, and the beginning of another.  This was 
sometimes problematic because we used the first negative peak of the call in the 
localization algorithm and this is also why we limited the RMS calculations to the first 
15,000 sample points of each call.  The semiautomatic algorithm (HotWav2) was useful 
for overcoming problems associated with call overlap (< 10% of the time) and for calls 
that were far enough away from all hydrophones so that amplitudes of RLs were too low.   
      Avoidance of call overlap or call alternation has been documented for anurans and 
is believed to serve as a means of male-male spacing and territorial maintenance (Zelick, 
et al. 1999; Grafe, 2005). Density dependent effects have also been associated with this 
form of calling behavior among anurans.  For example, as the density of calling males 
increases, the distances between individuals decreases and calling males at greater 
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distances become ignored thereby reducing their active space. (Zelick et al., 1999).  It 
may be possible that similar density dependent effects also occur in the calling behavior 
of black drum which would explain the incidents of fully overlapped or masked calls.  
This temporal patterning of calls by black drum is in contrast to the highly overlapping 
calls of the sand seatrout (Cynoscion arenarius) in which it becomes virtually impossible 
to identify individuals during chorusing events (Locascio and Mann, 2008) recorded with 
a single hydrophone. 
      Ninety two percent of localized calls were produced by an individual fish at 
regular intervals while it swam broadside and close to the array during our recording.  
Our interpretation that this was a single animal, rather than multiple animals at close 
proximity to one another and moving synchronously, is based on the regular calling rate, 
short and consistent distances between localized positions and the generally directed 
pattern of movement that was evident when localized positions of successive calls were 
linked together.  A similar interpretation was made by Gedamke et al. (2001) for minke 
whales and Hayes et al. (2000) for blue whales from localizations of consecutive 
vocalizations.  Madsen and Wahlberg (2007) also point out that localizing consecutive 
vocalizations is very useful for validating results and improving precision.  We believe in 
the separate identity of the five other individual fish for which we estimated source levels 
because of the consistency in their locations over short time periods.   
      The more than 1000 SL estimates made in this study demonstrates that given a 
large enough sample size in an acoustically active area, the highest RLs can be expected 
to approximate or overlap the range of SLs (Fig. 5.9-A and 5.9-B).  The array data also 
demonstrate that it is possible to observe behavior associated with calling by mapping the 
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directed movements of fish.  Our fortuitously tracked individual swam over 1 kilometer 
within a relatively small area at a slow, steady rate while calling at regular intervals.  
During this time the fish would occasionally swim in a looping pattern several times in 
one general area then move on to a nearby location and repeat a similar pattern or appear 
to be pacing back and forth around a central location or object (contact the authors for an 
animation of these data) (Fig. 5.10-A and 5.10-B).  This behavior is reminiscent of 
lekking but we cannot confirm this because we have no data on the territorial distribution 
of other males due to the constraints of our array.  However, an additional ten or so 
individuals appeared to be involved in the group of calling fish that occurred within the 
active space of the hydrophones, and if a larger more geometrically complex array had 
been used it would likely have been possible to resolve the locations and movement 
patterns of these other fish as well.  Also of interest is the brief interruption in calling that 
occurred after a 39 minute period when the individual fish paused for 28 seconds and 
then resumed calling at its previous rate.  This is noteworthy because Connaughton and 
Taylor (1996) described continuous calling by male weakfish (C. regalis) prior to 
spawning but a temporary cessation in calling during female pursuit and spawning.   
After gamete release the male often returned to the bottom and began calling again.  
Cessation of calling just prior to gamete release has also been documented for red drum 
(Guest and Laswell, 1978; Ramcharitar et al., 2006) and Atlantic croaker (Connaughton 
et al., 2003; Ramcharitar et al., 2006). 
      There are few data on calling rates of individual fish or estimates of energetic 
costs associated with calling by fishes (Mitchell et al., 2008).  In contrast to many 
terrestrial species Amorim et al. (2002) showed that oxygen consumption requirements 
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for calling by the oyster toadfish (O. tau) were negligible.  Mitchell et al. (2008) 
concluded that calling by this species was limited by glycogen depletion resulting in 
sonic muscle fatigue and estimated that 300 ms long calls produced at 200 Hz and a rate 
of 15 times/minute would only be sustainable for about 5 minutes.  We documented that 
an individual black drum was capable of producing a 600 ms call at 94 Hz, on average, 
every 3.6 seconds (~16 times/minute) for at least 59 minutes.  The nearly twelve fold 
difference between these species in the amount of time over which calls may be produced 
might not be too surprising if the black drum’s sound production mechanism was similar 
to the more efficient single twitch mechanism of the weakfish (C. regalis), a fellow 
sciaenid (Connaughton et al., 1997; Sprague, 2000).  However, it instead appears to be 
more similar to that of the oyster toadfish which Fine et al. (2001) described as an 
inefficient damped system requiring multiple rapid muscle contractions to produce its 
prolonged boatwhistle call.  Evidence for this interpretation includes the apparent slowing 
of contraction and relaxation times of the sonic muscle along with a decrease in signal 
amplitude reflecting muscle fatigue (Fig. 5.4-A).  This interpretation is also supported by 
the drop in frequency of the fundamental and harmonic bands towards the end of the call 
(Fig. 5.4-B) (Fine et al., 2001).  The midshipman (P. notatus) is a unique example of a 
high endurance sound producer capable of making a continuous ‘hum’ in the 80-100 Hz 
range for up to one hour (Ibarra, 1983).  Dense banks of mitochondria on the sonic 
muscle fiber and low contraction rates are attributed to this species’ calling ability (Bass 
and Marchaterre, 1989).   The greater calling endurance of the black drum can, in part, be 
accounted for by a lower sonic muscle contraction rate, but a closer look at the muscle 
fiber, which is intrinsic to the swimbladder, and swimbladder morphology would be 
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useful for understanding how calling is sustained over long periods and why the fish is 
able to produce such a high intensity sound.  An early investigation of the characteristics 
of the black drum swimbladder and sonic muscle first published in 1904 (Harmer, et al., 
1922) reported that the ‘air-bladder and its muscles constitute the most powerful sound-
producing organ yet found in any fish.  Unfortunately, no further details were given. 
      Mok and Gilmore (1983) originally described three different black drum call 
types; the staccato, loud drum and short grunt.  We observed only the loud drum call type 
in our recordings but when handled in captivity the staccato, a disturbance call, was 
produced.  Our description of fundamental frequency and multiple harmonic call 
structure is consistent with that of Mok and Gilmore.  However they described the loud 
drum call as being composed of two distinct parts, a shorter lower amplitude ‘boon’ 
sound followed by a longer higher amplitude ‘bound’ sound.  An alternative explanation 
is that this is instead the result of partial call overlap of two fish at different locations.   
       In the single black drum specimen we tested, auditory sensitivity was highest for 
frequencies below 450 Hz and peaked at 300 Hz.  Ramcharitar and Popper (2004) also 
showed that black drum auditory sensitivity was highest for frequencies below 500 Hz 
with the greatest average peak sensitivity (although not significantly so) at 300 Hz.  
Ramcharitar et al. (2006) showed similar auditory sensitivity for two other sciaenids, spot 
(L. xanthurus ) and weakfish (C. regalis ) and Horodysky et al. (2008) demonstrated this 
same trend for six other sciaenid species, including C. regalis.  Despite variations in 
experimental design, which is not unusual for AEP experiments, trends in frequency 
sensitivity were strongly consistent among these studies.  Mean threshold levels for 
frequencies of greatest sensitivity generally ranged from 90 to just over 100 dB re: 1 µPa 
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SPL with the exception of Ramcharitar and Popper’s black drum data which ranged, 
between 85 and 90 dBRMS re: 1µPa SPL.  These differences are not necessarily large 
considering that 5 dB resolution per frequency was used in each of the studies and that 
standard deviations of mean threshold values appeared to be of approximately this same 
amount.   Despite having a sample size of just one fish our AEP results do seem 
reasonable in the context of these other studies.   
      There are many examples of fishes with highly correlated relationships between 
frequencies of highest sound production and frequencies of best hearing and other 
examples where there is a poor correlation (Ladich, 2000; Popper and Schilt, 2008; 
Maruska, 2007).  For sciaenids, the data demonstrate that there is a correlation between 
the frequency of sound production and best hearing (Horodysky et al., 2008).  We found 
the majority of energy in black drum calls concentrated below 300 Hz and greatest at 94 
Hz; auditory sensitivity was best below 450 Hz and peaked at 300 Hz.  While there is not 
a direct match in peak frequencies of hearing and sound production for black drum there 
is substantial overlap in these ranges (Fig. 5.8).  A more detailed investigation of the co-
evolution of the acoustic communication system of sciaenids is warranted.   
      Our data on SLs, TL, background levels and auditory sensitivity of black drum 
allowed us to estimate the potential communication range of this species at our study site.  
The SPL vs. distance regression was used to estimate the distance at which the SPL 
would match the upper (146 dBRMS) and lower limits (127 dBRMS) of background sound 
levels.  Based on these parameters we estimated a range of 33 – 108 meters over which 
one fish could theoretically be detected by another.  Under these conditions background 
levels and not auditory sensitivity limited the communication range of calling fish.  
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Background levels were dominated by calls produced by other fish, so in effect the signal 
produced by one fish created the background level for the following fish in the calling 
sequence.  Background levels and therefore communication distances fluctuate mainly as 
a function of temporal call overlap and level, which is a function of distance.  The 
consistent range of background levels across all distances reflects the consistency in 
timing and location of calls produced by different individual fish.  Ramcharitar and 
Popper (2004) showed a decrease in auditory sensitivity of black drum in the 300-600 Hz 
range when exposed to broad-band white noise at 136 dB re: 1µPa.  Pure tones are 
typically used in AEP studies, however fish do not produce pure tones and in nature 
broad-band background levels are not realistically flat.  In addition to standard AEP 
methods including masking paradigms, behaviorally conditioned responses to recordings 
of a species own call masked by ambient background noise recorded in the field would be 
useful approach for understanding auditory sensitivity in black drum and other species. 
      Fine and Lenhardt (1983) pointed out that there was no evidence proving fish 
actually do communicate over long distances (>3 m) and to our knowledge this is still the 
case.  The high intensity SLs and minimization of call overlap of black drum make them 
an excellent candidate for testing this.  Grafe (1996) successfully influenced call 
alternation in African painted reed frogs by performing playback experiments.  If 
playback experiments could be used to affect temporal calling patterns in a group of 
localized black drum then communication distances could be estimated, at least for 
calling males.     
       This is the first study to report both source level estimates and auditory sensitivity 
for a sciaenid, a family renowned for its sound producing abilities.  The array data also 
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provided new behavioral information associated with calling further demonstrating the 
value and relative simplicity of array recordings.  Direct measurements of site specific 
sound propagation and transmission loss made from array data are critical to the accuracy 
of SL estimates, (Madsen and Wahlberg, 2007) and can increase knowledge on the nature 
of sound propagation in complex, shallow water environments.  In this study, for 
example, we found that propagation of black drum sounds violated the theoretical cut off 
frequency estimate and RLs of calls at various distances were not best described by the 
commonly used log10 model.  Using the black drum as a model, the Cape Coral study 
area offers exceptional prospects for discovering more extensive details about the 
acoustic behavior of individual fish and of groups in the context of communication 
networks.  Future research efforts conducted at this study site could be designed to 
provide information for comparative analyses with theory from the better studied acoustic 
communication behavior of anurans, birds and insects.           
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Table 5.1.  Mean RMS and Peak source level estimates of six different individual fish 
and all fish combined.  SL is mean source level (SPL dB re: 1µPa), STDV is standard 
deviation, and CV is the coefficient of variation expressed as a percentage. 
                       
Fish 1 Fish 2 Fish 3 Fish 4 Fish 5 Fish 6 
All 
Fish
Mean RMS 
SL 164.9 167.7 170.6 161.1 161.9 161.9 164.7
STDV  1.09 1.13 1.47 0.82 0.95 0.41 0.98
CV % 0.66 0.68 0.86 0.51 0.59 0.25 0.59
Mean Peak 
SL 175.3 178.3 180.9 171.5 173.7 172.3 175.3
STDV 0.70 1.15 1.36 0.79 0.90 0.47 0.90
CV % 0.40 0.64 0.75 0.46 0.52 0.27 0.51
N 944 36 28 3 7 7 1025
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Table 5.2.  Source level estimates of black drum and of various marine mammals reported in the literature.  All source level 
estimates are reported as (dB RMS SPL re: 1μPa). 
              
Source Level 
Author Species Mean (+/- SD) Range Vocalization Type 
Phillips et al. west indian manatee (Trichechus manatus) 112.0 vocalization 
Miller killer whale (Orcinus orca) 140.2  (4.1) whistle 
Wang et al. Chinese river dolphin (Lipotes vexillifer) 143.0  (5.8) whistle 
Miller killer whale (Orcinus orca) 146.6  (6.6) variable  
Miller killer whale (Orcinus orca) 152.6  (5.9) stereotyped 
McDonald et al. sei whale (Balaenoptera borealis) 156.0  (3.6) tonal call 
Rasmussen et al. white-beaked dolphin (Lagenorhynchus albirostris) 118 -- 167 whistle 
Gedamke, et al. minke whale (Balaenoptera acutorostrata) 150 -- 165 stereotyped 
Janik bottlenose dolphin (Tursiops truncatus) 158.0  (0.6)         --169 whistle 
Au et al. humpback whale (Megaptera novaeangliae) 151 -- 173 song 
Locascio and Mann black drum (Pogonias cromis) 165.0  (1.0) 159 -- 174 tonal call 
Teloni, et al. sperm whale (Physeter macrocephalus) 172.0  (n=1) trumpet 
Sirovic blue whale (Balaenoptera musculus) 189.0  (3.0) call 
Sirovic fin whale (Balaenoptera physalus) 189.0  (4.0)   call  
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Figure 5.1.  Study site location within the estuarine canal system of Cape Coral, Florida 
where array recordings were made.  The study site was in a sea-walled basin, 
approximately 240 x 265m in surface area and 7m deep with a soft bottom.  
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Figure 5.2-A.  Sequence of signal processing steps used to identify individual calls: acoustic data are first low-pass filtered with a 10-
point moving average (top figure) then rectified (e.g. absolute values calculated, middle figure) and finally enveloped with a 4,410 
point moving average (bottom figure).  The dashed line indicates the detection threshold in signal amplitude used to identify 
individual calls. 
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Figure 5.2-B.  Peak detection within a single call on the four different simultaneously recorded tracks of the hydrophone array.  Time 
of arrival differences are calculated for the same peak between different tracks, indicated by arrows, to use for localizing the position 
of the calling fish.
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Figure 5.3.  Square root and Log10 model fits of received levels regressed against 
distance from source location to each hydrophone.  The square root model provided a 
better over-all fit to the data and was used to estimate source levels of black drum calls.
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5.4-B.   
Figures 5.4-A and 5.4-B:  Waveform (A) and spectrogram (B) of a single black drum 
call.  Black drum produce high intensity single pulsed tonal calls with multiple 
harmonics.
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Figure 5.5.  The frequency containing the greatest concentration of acoustic energy within black drum calls recorded at various 
distances are plotted.  The maximum energy is mainly concentrated in the fundamental frequency (94Hz) at all distances but this 
varies more with increasing distance from the source possibly due to propagation effects or variability in call production. 
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Figure 5.6-A.  Plot of slopes (e.g. transmission loss) from the regression equations of received levels vs. distances for the fundamental 
frequency (94 Hz) and first two harmonics (188 & 282 Hz) of black drum calls.  Slopes of the cylindrical (e.g. Log10) and spherical 
(e.g. Log20) spreading loss models are plotted for reference.   
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Figure 5.6-B.  Results of Fast Fourier Transformation (FFT) of the mean sound pressure level (dB re: 1µPa) of a subsample of 50 
black drum calls recorded at four different mean distance groups.  The majority of energy is concentrated in the fundamental 
frequency (94Hz) and the first two harmonics (188 & 282 Hz).  Transmission loss data of the fundamental frequency and first 
harmonic are similar and data of both frequencies were best fit with a square root model.  The 282 Hz harmonic was best fit by a Log 
model (see Figure 5.6-A). 
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Figure 5.7-A.  Background sound pressure levels (root mean square dB re: 1µPa) calculated from the 50 millisecond period preceding 
each call at four separate distance groups from the location of the source.  Background levels are within a similar range at all distance 
groups.  The source of most background noise is the calls of other black drum. 
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Figure 5.7-B.  Signal-to-Noise Ratios (SNR) for each of the four distance groups shown in Fig. 5.7-A based on data of black drum 
calls and background levels.  The SNR is calculated by subtraction of the background level from the signal level (both are expressed 
as the root mean square sound pressure level dB re: 1µPa).  The SNR ranges over approximately 20 dB for each distance group and 
decreases with increasing distance from the source.  
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Figure 5.8.  Audiogram of a single black drum measured by auditory evoked potential (AEP) along with mean source level estimates 
of the fundamental frequency and associated harmonics of black drum calls.  The horizontal dashed lines represent the upper and 
lower limits of background sound pressure levels recorded at the study site.  The frequency of greatest auditory sensitivity (300 Hz) 
and that of call intensity (94 Hz) are not directly matched however considerable overlap exists in the range of frequencies where 
auditory sensitivity and call intensity are greatest. 
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Figure 5.9-A.  Frequency distribution of received sound pressure levels and source sound pressure levels of black drum calls (root 
mean square dB re: 1µ Pa).  The highest received levels overlap the range of source level estimates.   
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Figure 5.9-B.  Frequency distribution of received sound pressure levels and source sound pressure levels of black drum calls (peak dB 
re: 1µ Pa).  The highest received levels overlap the range of source level estimates.   
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Figure 5.10-A.  Waveform of received levels of consecutively produced black drum calls which demonstrate cyclical movement 
patterns of the calling fish.  The amplitudes of the received levels rise and fall as the fish moves closer to and further from the 
hydrophone.  An example of this patterned movement is demonstrated in Figure 10-B using Cartesian coordinates. 
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Figure 5.10-B.  Localized X-Y positions of consecutively produced calls shown in Figure 5.10-A which demonstrate recurrent looping 
patterned movement by the fish.  Three separate consecutive loops are plotted with start and end points of each designated by an ‘S’ 
and an ‘E’.  
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CHAPTER SIX 
The Quantitative and Temporal Relationship of Egg Production and Sound Production by 
Black Drum (Pogonias cromis) 
 
INTRODUCTION 
      Acoustic time series recorded over seasonal periods have demonstrated that 
patterns in fish sound production approximate patterns in spawning condition over these 
periods (Mok and Gilmore, 1983; Connaughton and Taylor, 1995; Locascio and Mann, in 
review).  Associations between sound production and spawning have been made for 
sciaenids by simultaneously collecting eggs via plankton surveys and making acoustic 
recordings of sound production via hydrophone surveys (Mok and Gilmore, 1983; 
Saucier and Baltz, 1993; Luczkovich et al., 1999).  These studies have documented the 
coincidence of sound production and spawning on a qualitative basis.  The difficulties in 
measuring the relationship between these variables on a quantitative basis are related to 
the uncertainties in knowing that the fish whose sounds are being recorded are from the 
same population responsible for producing the eggs which are collected.  Single 
hydrophone recordings are omni-directional and cannot resolve the precise location of 
calling fish and, in most cases, the numbers of calling fish within the active space of the 
hydrophone due to partial or complete overlap of calls.  Hydrophone arrays must be used 
to localize the position of calling fish.  Establishing the spatial origin of egg production is 
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also difficult and would require information on how the egg’s trajectory, as a passive 
particle, would behave in the prevailing hydrodynamic conditions. 
      An alternative solution to localizing the origin of sound production and egg 
production within an open-field environment is to address the problem within a confined 
natural environment.  Such an environment was found in a residential estuarine canal 
system of Cape Coral, Florida inhabited by a sound-producing population of spawning 
black drum.  The study area was a moderately small, mostly enclosed basin which 
allowed us to be reasonably sure that we were sampling eggs of the same population of 
fish whose sounds were being recorded.  The primary objectives of this study were to 
quantitatively relate the timing and levels of sound production and egg production by 
black drum during different periods of their spawning season.  Sampling was conducted 
on two consecutive evenings so that instantaneous egg mortality rates could be calculated 
for the cohort produced on the first evening of sampling.   
 
METHODS 
  Cape Coral is a coastal city in southwest Florida with an extensive sea-walled 
canal system (~200+ miles) that is connected to Charlotte Harbor.  This study was 
conducted in a dead-end 240 x 265m basin of the canal system (Fig. 6.1).  An acoustic 
time series of black drum sound production was recorded at the Cape Coral study site 
from December – April, 2006 using a long-term acoustic recording system (LARS 
model: Toshiba Pocket PC E755) programmed to record 10 seconds of sound every 10 
minutes (sample rate: 11,025 Hz).  High Tech Inc. 96-min series hydrophones 
(sensitivity: -164dB re: 1V/1µPa and flat frequency response of 2 Hz – 37 kHz) were 
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used with all recording systems in this study.  The LARS was deployed in approximately 
7m of water where it remained stationary and positively buoyant 0.5m above the bottom.  
Recordings from this system provided a high resolution acoustic time series of black 
drum sound production over the majority of the spawning season, including the peak.  
Surface and bottom water temperature data were recorded for the duration of the study 
using  Hobo® temperature data loggers (model UA-002-08; Onset Computers) 
programmed to record data at ten minute intervals.  The surface temperature data logger 
was attached to a surface buoy and suspended 0.5m below it.  The bottom temperature 
data logger was attached to the LARS.   
      To investigate the temporal and quantitative relationships between egg production 
and sound production surface plankton tows were conducted hourly from 1800 – 0400 
hrs to collect eggs on two consecutive nights while acoustic recordings were made 
simultaneously at five locations in the canal basin using LARS programmed to record 10 
seconds of sound / 10 minutes (sample rate 11, 025 Hz) (Fig. 6.1).  Sampling took place 
on the evenings through early mornings of Jan. 29-31, Feb. 14-16, March 3-5, March 20-
22, and April 6-8, 2006.  The schedule of plankton tows was based on prior knowledge of 
the timing of nightly black drum chorus events and was intended to cover the duration of 
a chorus event completely.  Plankton samples were collected using a 333 micron mesh 
net with rectangular frame (0.25m high x 0.5m wide) and calibrated flow meter (General 
Oceanics, model 2030R) towed at the surface by a motorized canoe at approximately 2 
knots along course covering the entire study area (Fig. 6.1).  Each tow required 
approximately 20 minutes to complete and began 20 minutes prior to each hour.  
Collection times used in analyses were therefore designated as the temporal midpoint of 
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the tow (e.g. 10 min prior to each hour).  Flow meter data was recorded at the beginning 
and end of each tow to calculate the volume of water sampled in cubic meters (m3).  Tide 
data was recorded before each tow by measuring the change in water column height 
relative to a fixed mark on a dock piling.  Plankton samples were preserved in 10% 
formalin immediately after each tow and transferred to 50% isopropyl after 48 hrs.  A 
LARS was deployed near each corner of the basin and a fifth in the center to calculate the 
mean sound pressure level of black drum vocalizations throughout the study area.  LARS 
were deployed in the afternoon prior to the first plankton tow and retrieved sometime 
after the last plankton tow on the second night of sampling.  Failure of the trolling motor 
used on the canoe ended plankton sampling on Jan 30 after the fourth plankton tow of the 
second evening (2040-2100 hrs) had been completed.  A series of plankton tows were 
conducted at the study site on March 14, 2007 to examine the depth distribution of black 
drum eggs.  Three 10-minute tows (~2 knots) were made using a 0.5 m diameter, 333 µm 
mesh net between 2000 – 0048 hrs at each of the surface (0 – 0.25m), 1m, 2m, and 3m 
depths and a single tow was made at 4m. Samples from these collections were preserved 
as before. 
  Acoustic and Plankton Data Processing / Analysis 
      All acoustic data were analyzed with a fast Fourier transform (FFT) to generate a 
power spectrum from which the band level sound pressure level (BSPL re: 1µPa) in 100 
Hz wide bins was calculated.  The SPL was greatest in the 100 – 200 Hz band and a five 
point moving average of the BSPL in this frequency range was used for all time series 
analyses.  
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      The developmental stages and densities of black drum eggs were evaluated from 
each plankton sample collected.  Approximately 10-20% (by volume) of each sample was 
sub sampled by inverting the contents of the entire sample 5 times in a 1.0 L graduated 
cylinder and decanting a subsample into a smaller graduated cylinder and measuring its 
volume.  The total number of black drum eggs in the subsample was counted and used to 
estimate the total number of eggs in the entire sample.  The total egg density (eggs/m3) of 
each sample was calculated by dividing the estimated total number of eggs in the entire 
sample by the volume of water filtered (m3) during the plankton tow.  The developmental 
stage of the first 100 eggs (or all eggs if less than 100) in each subsample were 
characterized under a dissecting light microscope according to the following stages: 1. 
Blastodisc; 2. 2 cells, 3. 4 cells; 4. 8 cells; 5. 16 cells; 6. 32 cells; 7. 64 cells; 8. 10. 
Morula (early, mid, late); 11-13. Blastula (early, mid, late); 14-16. Gastrula (early, mid, 
late); 17-19. Early Embryo (early, mid, late); 20-22. Tail Bud (early, mid, late); 23-25. 
Tail Free (early, mid, late); 26-28. Late Embryo (early, mid, late); 29. Hatching.  In this 
developmental scheme, ‘blastodisc’ refers to a single fertilized undifferentiated cell.  It 
was then possible to estimate the density of individual stages (or relative ages) as a 
percentage of the total egg density of each collection.  Time of spawning was interpreted 
by the presence of blastodiscs and by back-calculation of the 2-cell through blastula 
stages for samples collected in March and April.  Because egg developmental rates are 
mainly a function of water temperature, and to a lesser degree egg diameter, (Pauly and 
Pullin, 1988) developmental rates of red drum eggs (Sciaenops ocellatus) (Holt et al., 
1985; Reese, R. pers. comm.) incubated in the same water temperatures as black drum 
egg collections were applied to back-calculate the time spawned of black drum eggs.  
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Back-calculated spawning times were grouped into 1hr bins since sampling was limited 
to this time resolution and densities were corrected for using a calculated mortality rate, 
and average densities were reported for each 1 hour bin.  Egg diameter of both species is 
similar; black drum are approximately 0.9 – 1.1 mm and red drum are approximately 0.8 
– 1.0 mm, but may vary due to salinity and parental condition (Johnson, 1978).  Densities 
of egg predator taxa were estimated from samples collected at 2200, 0000, 0200 hrs each 
evening.   
      Estimates of nightly egg production (eggs/m3) were calculated by averaging egg 
densities from all collections made after spawning ended for the evening.  These data 
were regressed against nightly maximum sound pressure levels to examine the 
quantitative relationship between levels of sound production and egg production.  
Maximum sound pressure level is highly correlated with measures of total acoustic 
energy and can be used to quantitatively represent nightly black drum sound production 
(Locascio and Mann, in review).  The weighted average of the time of spawning was 
based on the egg densities and collection times of blastodiscs and the back-calculated 
spawning times of later stage eggs.  The weighted average of the time of spawning was 
regressed against the temporal center of sound production (e.g. non-weighted, midpoint) 
to examine the temporal relationship between sound production and spawning.  Chorus 
start times and spawning time were also compared over the course of the season. The 
weighted average of the time of spawning and nightly egg production estimates were also 
regressed against temperature data.        
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      Instantaneous daily mortality rates were estimated from egg densities and relative 
ages of the cohort spawned on the first evening of sampling and were calculated from 
samples collected during both evenings.  The mortality equation was used: 
     Nt = N0e-zt  
where N0 is the initial number of eggs at time 0, Nt is the number of eggs remaining at 
time t ( > t0) and Z is the instantaneous daily mortality rate coefficient.  Relative ages of 
eggs were calculated as the difference in the weighted average of the time of collection of 
successive developmental stages from the weighted average of the time of collection of 
blastodiscs.  Averages were weighted by the number of eggs of each developmental stage 
in the sample.  Egg densities for each relative age were calculated as the percentage of 
the total egg density of the sample.  If the same developmental stage occurred in multiple 
plankton samples for the same evening the average density for that age was used in the 
mortality model.  Only egg density and age data from samples collected after spawning 
ended for the evening were used in the mortality equation.   
      Egg densities of samples collected from various depths were fit with a logarithmic 
model.  The fitted equation was used to interpolate egg densities at each midpoint 
between sampled depths.  This allowed estimates of egg densities and the relative 
percentage of eggs at each depth from the surface to 4 m.  The total number of eggs 
within the 0.25 m surface layer of the study area was estimated by multiplying nightly 
egg production (eggs/m3) by the volume of the surface layer.  The total number of eggs in 
the water column (to 4 m) was estimated by dividing the total number of eggs in the 
surface layer by the percentage of eggs in this layer.  The relationship between depth and 
developmental stage was also examined.  Female spawning stock biomass was estimated 
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from the total number of eggs in the water column in conjunction with batch fecundity 
estimates for black drum reported in the literature. 
 
RESULTS 
      Black drum sound production and egg production occurred on all evenings 
samples were collected however neither the timing nor quantity of sound production was 
well correlated with egg production on a nightly basis (Fig. 6.2).  The April samples 
which contained the highest densities of eggs collected during the study had the lowest 
levels of sound production.  The toadfish (Opsanus beta), a nest-building species, which 
produces sounds at a fundamental frequency of about 282 Hz was the only other fish 
species recorded during the study.   
      Two cohorts were apparent in samples collected each night; one spawned on the 
previous night and the second spawned on the current night of sampling.  In February, 
when water temperatures were approximately 17.6 – 18.3o C, egg development slowed 
and eggs from a third cohort from 2 nights prior were collected.  Blastodiscs were 
collected on every evening except for the January samples.  Back calculation to the time 
of spawning for early cleavage stages collected in February was not possible because 
developmental rate data were not available for these water temperatures.  However, this 
was also not necessary because blastodiscs were only collected in the 2250 hr sample on 
both evenings and older eggs of this cohort were not collected before or younger eggs 
after this sample time.  This isolated the 2250, 1 hr sample bin as the time spawning 
occurred on both February evenings.  A similar pattern was evident in the January data 
but the earliest developmental stage found in samples was 32-cell.  The duration of 
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spawning on all other sampling nights during the season ranged from 3 to 5 hours.  The 
tide was ebbing during spawning times on all nights except for a very low amplitude 
flood tide within the first two hours of spawning in April.  Spawning occurred earlier in 
the day as the season progressed and in the late March and April samples it was apparent 
from the collection of advanced early cleavage stage eggs that spawning occurred prior to 
the time of the first plankton sample.  To the contrary, chorus start time became gradually 
later and chorus duration shorter as the spawning season waned.  The numbers of eggs of 
each developmental stage for all plankton samples collected are detailed in Table 6.1.  
The timing of sound production and egg production (blastodisc through blastula stages) 
and sound production and back calculated times early cleavage stages would have been 
spawned are illustrated in figures 6.3-A– 6.3-H. 
      The regression of egg production against maximum sound pressure levels 
demonstrated a negative a relationship; 90% of the variability in egg production was 
explained by maximum sound pressure level data (Fig. 6.4-A).  Greatly increased levels 
of egg production coupled with low levels of sound production in the April data strongly 
leveraged this result.  Recalculation of the regression with the April data removed 
however, still demonstrated that a negative relationship existed; 42% of the variability 
was explained (Fig. 6.4-B).  The regression of the weighted average of the time of 
spawning and the temporal center of sound production explained 27% of the variability in 
the time of spawning (Fig. 6.5).  The relationship between the weighted average of the 
time of spawning and temperature was strongly negative and 94% of the variability in 
time of spawning was explained by temperature (Fig. 6.6).  Temperature explained 52% 
of the variability in egg production (Fig. 6.7-A) and 54% when the April data were 
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removed from the regression (Fig. 6.7-B).  Data of spawning times and timing of sound 
production for each date are summarized in Table 6.2. 
      Estimates of instantaneous egg mortality rates increased throughout the season, 
ranging from a low of 0.62 d-1 in January to a high of 2.72 d-1 in April (Table 6.3).  Egg 
predators quantified in the plankton samples included Ctenophora sp. and Hydrozoan sp.; 
Chaetognaths, unconfirmed as a predator of eggs, were also quantified.  Ctenophores did 
not appear in the samples until April and Hydrozoans were only sparsely represented in 
the samples prior to April, Chaetognaths were present in all plankton samples and were 
positively correlated with mortality rates (r = 0.57, p = 0.11).  Combined Ctenophores 
and Hydrozoans were also positively correlated with mortality rates (r = 0.66, p = 0.22).  
Copepods, mainly A. tonsa, appeared highly abundant in all samples but were not 
quantified. 
      Egg densities were logarithmically distributed with depth (Fig. 6.8).  Egg 
developmental stage was relatively evenly distributed with depth (Fig. 6.9).  The 0.25 m 
depth surface layer contained 33.9% of eggs in the 4 m water column (Table 6.4).  Based 
on mean batch fecundity and eviscerated body weight values of black drum sampled in 
the northern Gulf of Mexico (Fitzhugh et al. 1993, Nieland et al. 1993) and Argentina 
(Macchi et al., 2002) estimates of spawning stock biomass ranged from 1.6 to 1491.3 kg 
and numbers of individual fish ranged from 0.2 to 28.3 during the study period (Table 
6.5). 
DISCUSSION 
      The results of this study demonstrate that patterns in sound production were not 
useful for predicting patterns in egg production by black drum on a daily scale but do 
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provide accurate characterization of spawning periodicity on a seasonal basis.  The 
former result may seem unexpected given the strong agreement between peak seasonal 
patterns of sound production and peak states of reproductive readiness in sciaenids (Mok 
and Gilmore, 1983; Connaughton and Taylor, 1995; Locascio and Mann, in review).  The 
lack of a strong positive association between sound production and egg production, both 
in timing and levels, shows that courtship behavior (e.g. fish calling) and spawning are 
not always relative on a daily scale.  Sound production has been reported to occur before, 
during, and after spawning in sciaenids (Mok and Gilmore, 1983; Connaughton and 
Taylor, 1995) and we recorded extended periods of sound production prior to spawning 
earlier in the season and well after spawning occurred later in the season.  The lack of a 
positive association between egg production and sound production may also possibly be 
explained by the tendency for long-lived, serial spawners to have highly variable 
reproductive output (Fitzhugh et al., 1993).  Black drum may live 50 – 60 years (Murphy 
and Taylor, 1989) and may spawn approximately every 4 days (Fitzhugh et al., 1993).  
Black drum are also highly fecund, and older, larger fish typically produce larger batch 
sizes of generally higher egg quality (Macchi et al., 2002).  Estimated batch fecundity 
was reported by Nieland to range from 0.51 to 2.42 million ova and was positively 
correlated with fish size.  Higher egg densities in April were likely the result of larger 
more fecund females spawning in the study area.  Estimates of spawning stock biomass 
and numbers of females based on data of Fitzhugh and Nieland are unrealistically low 
prior to April.  This indicates that smaller or simply less fecund fish were in the study 
area prior to April and larger, more fecund females or a greater number of smaller, less 
fecund females entered and spawned in the study area in April.  The lower batch size 
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estimates reported by Macchi et al. (2002) provide the only reasonable estimates of 
spawning stock biomass for data prior to April also indicating the possible transition to 
larger, more fecund females spawning in the study area in April.   
       The timing and duration of daily spawning in this study was generally consistent 
with reports of a circadian spawning pattern documented for sciaenids occurring 
approximately -2 to +4 hours around dusk (Holt, et al., 1985; Aalbers, 2008).  Spawning 
occurred as late as 4+ hours after sunset in February, based on blastodisc collection and 
as early as the 15:50 hr bin (15:10 – 16:00 hr) for late March and April based on back-
calculated spawning times.  Most of the variability in the timing of spawning could be 
explained by water temperature data (r2 = 0.94).  As the season progressed and 
temperatures increased (along with photoperiod) spawning occurred earlier in the day.  
Aalbers (2008) documented a similar trend in spawning by white seabass (A. nobilis).   
      Temperature and photoperiod are regarded as the principal determinants of 
reproductive development.  Discerning the effects of each is difficult but in general, it is 
expected that photoperiod has a greater influence in temperate climates and temperature 
in tropical climates, with possible interactions between them and local environmental 
cues in effect as well (Pankhurst and Porter, 2003).  So where does the black drum, a 
temperate sciaenid which ranges from the northeast region of the U.S. to Argentina fit 
into this scheme?  There is evidence to indicate temperature is the more influential 
environmental mediator of spawning.  The range of water temperature in which black 
drum spawn (15 – 25o C) is consistent over a wide latitudinal range in the U.S. (south 
Florida to Chesapeake Bay) while photoperiod over this range is more variable (in other 
words, black drum spawn in the same range of water temperatures, but not photoperiod 
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over a wide latitudinal range).  Other evidence comes from two previous hydrophone 
surveys of black drum sound production (Mok and Gilmore, 1983; Saucier and Baltz, 
1993) which both documented that sound production did not occur when water 
temperatures dropped below 15o C but resumed once water temperature rose above this 
limit.  Also, in this study spawning occurred earlier in the evening in January when water 
temperature was 20.5o C than in cooler February water temperatures (17.6 – 18.3o C), 
despite the slightly longer photoperiod in February.   
      Mortality rates increased throughout the study period concomitantly with predator 
densities. Cowan et al., (1992) estimated mortality rates of black drum eggs as 0.02 — 
0.03 d-1 in mesocosm studies using hydromedusa and ctenophore predators.  Mortality 
rates in this study were much higher than those reported by Cowan et al., but direct 
comparisons are not possible due to differences in scale.  Although chaetognaths were the 
most abundant taxa quantified, they are only anecdotally considered to be egg predators.  
A simple experiment could be conducted to test this.  Instead, it is likely that the apparent 
high densities of copepods (not quantified) instead would have supported the chaetognath 
population.  Likewise, copepod nauplii would also have supported the diet of black drum 
larvae.  The gelatinous hydrozoans and ctenophores appeared toward the end of the 
spawning season likely in conjunction with the spring warming and increase in 
production.  These taxa are voracious consumers of fish eggs and larvae and their 
increased abundance would explain increased mortality rates, such as with the April data.  
It may also have been possible that chaetognaths and other taxa unaccounted for also 
contributed to egg mortality. 
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      The estimates of developmental times of red drum eggs were consistent with the 
developmental rates qualitatively observed in the plankton collection data, but this study 
would have benefitted from making direct measurements of time to developmental stage 
at ambient water temperatures.  It would also have been informative to estimate the 
population density of adults in the study area as well.  Although most of the eggs were 
concentrated in the surface layer, many eggs of various developmental stages also existed 
at other depths.  Including oblique tows along with surface tows (concurrently if possible) 
would improve the sampling design.  This study also demonstrated that modified natural 
systems can be highly productive areas for fishes and are logistically well suited for 
studying them.    
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Table 6.1.  Number of black drum eggs in each developmental stage from 100 randomly selected eggs from each plankton 
sample collected.  Developmental stages are listed numerically, 1 – 28 and nominally with abbreviations which are 
explained in the methods of chapter 6.  In many samples two cohorts were present; those spawned on the night samples 
were collected and those spawned on the previous night.  February samples contained three separate cohorts due to 
slowed developmental rates associated with low water temperatures.   
                                                 
January 29 - 30, 2006 1 2 3 4 5 6 7 8 9 
1
0 
1
1 
1
2 
1
3 
1
4
Tow  date time Bldsk EC 2 EC 4 EC 8 EC 16 EC 32 EC 64 EM 
M
M
L
M
E
B
M
B 
L
B
E
G
1 1/29/2006 1740-1800 
2 1/29/2006 1840-1900 
3 1/29/2006 1940-2000 
4 1/29/2006 2040-2100 
5 1/29/2006 2140-2200 
6 1/29/2006 2240-2300 61 
7 1/29/2006 2340-0000 
6
5 
8 1/30/2006 0040-0100 
5
8
9 1/30/2006 0140-0200 
6
1
10 1/30/2006 0240-0300 8
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0
11 1/30/2006 0340-0400 
5
4
3
1
1 1/30/2006 1740-1800 
2 1/30/2006 1840-1900 
3 1/30/2006 1940-2000 
4 1/30/2006 2040-2100 
continued….. 15 16 17 18 19 20 21 22 
2
3 
2
4 
2
5 
2
6 
2
7 
2
8
MG LG E EE M EE L EE E TB TB E TF 
M
 
T
F 
L
 
T
F 
E 
L
E
M
 
L
E 
L 
L
E H
1 1/29/2006 1740-1800 100 
2 1/29/2006 1840-1900 100 
3 1/29/2006 1940-2000 100 
4 1/29/2006 2040-2100 100 
5 1/29/2006 2140-2200 93 7 
6 1/29/2006 2240-2300 26 13 
7 1/29/2006 2340-0000 3 
3
2 
8 1/30/2006 0040-0100 
4
2
9 1/30/2006 0140-0200 5
3
4
10 1/30/2006 0240-0300 
2
0
11 1/30/2006 0340-0400 
1
5
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1 1/30/2006 1740-1800 100 
2 1/30/2006 1840-1900 100 
3 1/30/2006 1940-2000 100 
4 1/30/2006 2040-2100             78 22             
                                  
February 14 - 16, 2006 1 2 3 4 5 6 7 8 9 
1
0 
1
1 
1
2 
1
3 
1
4
Tow  date time Bldsk EC 2 EC 4 EC 8 EC 16 EC 32 EC 64 EM 
M
M
L
M
E
B
M
B 
L
B
E
G
1 2/14/2006 1740-1800 
2 2/14/2006 1840-1900 
3 2/14/2006 1940-2000 
4 2/14/2006 2040-2100 
5 2/14/2006 2140-2200 
6 2/14/2006 2240-2300 26 
7 2/14/2006 2340-0000 60 
8 2/15/2006 0040-0100 1 65 9 
9 2/15/2006 0140-0200 1 86
10 2/15/2006 0240-0300 84
11 2/15/2006 0340-0400 
8
5
1 2/15/2006 1740-1800 
2 2/15/2006 1840-1900 
3 2/15/2006 1940-2000 
4 2/15/2006 2040-2100 
5 2/15/2006 2140-2200 
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6 2/15/2006 2240-2300 1 
7 2/15/2006 2340-0000 5 7
8 2/16/2006 0040-0100   3 3
9 2/16/2006 0140-0200 3 14 11
10 2/16/2006 0240-0300 11 21 1
11 2/16/2006 0340-0400 
1
1
1
6
continued… 15 16 17 18 19 20 21 22 
2
3 
2
4 
2
5 
2
6 
2
7 
2
8
MG LG E EE M EE L EE E TB TB E TF 
M
 
T
F 
L
 
T
F 
E 
L
E
M
 
L
E 
L 
L
E H
1 2/14/2006 1740-1800 23
7
7
2 2/14/2006 1840-1900 27
7
3
3 2/14/2006 1940-2000 24 
7
6
4 2/14/2006 2040-2100 22
7
8
5 2/14/2006 2140-2200 42
5
8
6 2/14/2006 2240-2300 35
3
9
7 2/14/2006 2340-0000 31 9
8 2/15/2006 0040-0100 17 8
9 2/15/2006 0140-0200 12 1
10 2/15/2006 0240-0300 14 2
11 2/15/2006 0340-0400 15
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1 2/15/2006 1740-1800 89
1
1
2 2/15/2006 1840-1900 96 4
3 2/15/2006 1940-2000 32 65 3
4 2/15/2006 2040-2100 20 75 5
5 2/15/2006 2140-2200 100
6 2/15/2006 2240-2300 96 3
7 2/15/2006 2340-0000 87 1
8 2/16/2006 0040-0100 82
9 2/16/2006 0140-0200 72
10 2/16/2006 0240-0300 67
11 2/16/2006 0340-0400           73           
                           
March 3 -5, 2006 1 2 3 4 5 6 7 8 9 
1
0 
1
1 
1
2 
1
3 
1
4
Tow  date time Bldsk EC 2 EC 4 EC 8 EC 16 EC 32 EC 64 EM 
M
M
L
M
E
B
M
B 
L
B
E
G
1 3/3/2006 1740-1800 6 
2 3/3/2006 1840-1900 
3 3/3/2006 1940-2000 13 4 6 4 5 
4 3/3/2006 2040-2100 37 15 2 
5 3/3/2006 2140-2200 
8
8 
6 3/3/2006 2240-2300 9 1 
1
4 
7
3 
7 3/3/2006 2340-0000 16 10 7 
6
3 1 
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8 3/4/2006 0040-0100 9 
4
8 
4
2 
9 3/4/2006 0140-0200 
5
4 
4
6 
10 3/4/2006 0240-0300 4 
2
5 
7
1 
11 3/4/2006 0340-0400 
1
0
0 
1 3/4/2006 1740-1800 9 25 4 
2 3/4/2006 1840-1900 19 7 4 8 19 9 
3 3/4/2006 1940-2000 18 49 20 6 4 2 
4 3/4/2006 2040-2100 1 1 14 18 
4
3 
2
2 
5 3/4/2006 2140-2200 
6
0 
3
4 6 
6 3/4/2006 2240-2300 
7 3/4/2006 2340-0000 
8 3/5/2006 0040-0100 
4
4 
5
6 
9 3/5/2006 0140-0200 
2
1 
7
9 
10 3/5/2006 0240-0300 
1
9 
7
0 
1
1
11 3/5/2006 0340-0400 
continued… 15 16 17 18 19 20 21 22 
2
3 
2
4 
2
5 
2
6 
2
7 
2
8
MG LG E EE M EE L EE E TB TB E TF 
M
 
T
L
 
T
E 
L
E
M
 
L
L 
L
E H
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F F E 
1 3/3/2006 1740-1800 19 18 
2 3/3/2006 1840-1900 15 41 
3 3/3/2006 1940-2000 21 44 3 
4 3/3/2006 2040-2100 5 41 
5 3/3/2006 2140-2200 
1
2 
6 3/3/2006 2240-2300 3 
7 3/3/2006 2340-0000 1 2 
8 3/4/2006 0040-0100 1 
9 3/4/2006 0140-0200 
10 3/4/2006 0240-0300 
11 3/4/2006 0340-0400 
1 3/4/2006 1740-1800 
2 3/4/2006 1840-1900 26 10 
3 3/4/2006 1940-2000 17 17 
4 3/4/2006 2040-2100 1 
5 3/4/2006 2140-2200 1 
6 3/4/2006 2240-2300 
7 3/4/2006 2340-0000 
8 3/5/2006 0040-0100 
9 3/5/2006 0140-0200 
10 3/5/2006 0240-0300 
11 3/5/2006 0340-0400                      
                                  
March 20 -22, 2006 1 2 3 4 5 6 7 8 9 1 1 1 1 1
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0 1 2 3 4
Tow  date time Bldsk EC 2 EC 4 EC 8 EC 16 EC 32 EC 64 EM 
M
M
L
M
E
B
M
B 
L
B
E
G
1 3/20/2006 1740-1800 8 1 2 4 
2 3/20/2006 1840-1900 1 4 2 9 4 16 1 1 
3 3/20/2006 1940-2000 1 1 3 4
2
0
6
1 3
4 3/20/2006 2040-2100 1
5
2
4
5 2
5 3/20/2006 2140-2200 7 1
8
4 8
6 3/20/2006 2240-2300 2 2
6
0
3
6
7 3/20/2006 2340-0000 1 2 2
9
0 5
8 3/21/2006 0040-0100 7
3
8
5
4
9 3/21/2006 0140-0200 7
1
2
6
1
10 3/21/2006 0240-0300 3 8
2
2
11 3/21/2006 0340-0400 
1 3/21/2006 1740-1800 2
2 3/21/2006 1840-1900 1 1 16 17 8 20 6
2
3
3 3/21/2006 1940-2000 5 11 2
1
4
5
4
1
0
4 3/21/2006 2040-2100 1
1
6
8
3
5 3/21/2006 2140-2200 
9
8 2
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6 3/21/2006 2240-2300 
4
0
5
4 6
7 3/21/2006 2340-0000 
9
0
1
0
8 3/22/2006 0040-0100 
3
0
9 3/22/2006 0140-0200 
10 3/22/2006 0240-0300 
11 3/22/2006 0340-0400                             
continued… 15 16 17 18 19 20 21 22 
2
3 
2
4 
2
5 
2
6 
2
7 
2
8
MG LG E EE M EE L EE E TB TB E TF 
M
 
T
F 
L
 
T
F 
E 
L
E
M
 
L
E 
L 
L
E H
1 3/20/2006 1740-1800 
8
5 
2 3/20/2006 1840-1900 
6
2 
3 3/20/2006 1940-2000 7
4 3/20/2006 2040-2100 
5 3/20/2006 2140-2200 
6 3/20/2006 2240-2300 
7 3/20/2006 2340-0000 
8 3/21/2006 0040-0100 1
9 3/21/2006 0140-0200 20
10 3/21/2006 0240-0300 60 7
11 3/21/2006 0340-0400 26 31 43
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1 3/21/2006 1740-1800 6
2 3/21/2006 1840-1900 4 4
3 3/21/2006 1940-2000 4
4 3/21/2006 2040-2100 
5 3/21/2006 2140-2200 
6 3/21/2006 2240-2300 
7 3/21/2006 2340-0000 
8 3/22/2006 0040-0100 65 5
9 3/22/2006 0140-0200 2 98
10 3/22/2006 0240-0300 63 37
11 3/22/2006 0340-0400     26 60 14                   
                                  
April 6 -8, 2006 1 2 3 4 5 6 7 8 9 
1
0 
1
1 
1
2 
1
3 
1
4
Tow  date time Bldsk EC 2 EC 4 EC 8 EC 16 EC 32 EC 64 EM 
M
M
L
M
E
B
M
B 
L
B
E
G
1 4/6/2006 1740-1800 6 5 24
2 4/6/2006 1840-1900 4 2 5 13 6 5
4
5
1
6
3 4/6/2006 1940-2000 1 1 4 6 3 3 16
1
7
1
9
3
0
4 4/6/2006 2040-2100 5
2
2
7
3
5 4/6/2006 2140-2200 
9
7 3
6 4/6/2006 2240-2300 
8
6
1
4
7 4/6/2006 2340-0000 
8
0
2
0
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8 4/7/2006 0040-0100 
6
5
2
8
9 4/7/2006 0140-0200 
10 4/7/2006 0240-0300 
11 4/7/2006 0340-0400 
1 4/7/2006 1740-1800 1 3
6
1 1
2 4/7/2006 1840-1900 1 20 11 1 5 9 8 10
3
3
3 4/7/2006 1940-2000 1 1 1 1 5 6 17
6
2 6
4 4/7/2006 2040-2100 5
4
9
4
6
5 4/7/2006 2140-2200 6
9
2 2
6 4/7/2006 2240-2300 
4
2
5
8
7 4/7/2006 2340-0000 
4
8
5
2
8 4/8/2006 0040-0100 5
3
8
9 4/8/2006 0140-0200 
10 4/8/2006 0240-0300 
11 4/8/2006 0340-0400 
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1 4/6/2006 1740-1800 2
6
3
2 4/6/2006 1840-1900 4
3 4/6/2006 1940-2000 
4 4/6/2006 2040-2100 
5 4/6/2006 2140-2200 
6 4/6/2006 2240-2300 
7 4/6/2006 2340-0000 
8 4/7/2006 0040-0100 7
9 4/7/2006 0140-0200 98 2
10 4/7/2006 0240-0300 80 20
11 4/7/2006 0340-0400 30 64 6
1 4/7/2006 1740-1800 2 1
3
1
2 4/7/2006 1840-1900 1 1
3 4/7/2006 1940-2000 
4 4/7/2006 2040-2100 
5 4/7/2006 2140-2200 
6 4/7/2006 2240-2300 
7 4/7/2006 2340-0000 
8 4/8/2006 0040-0100 57
9 4/8/2006 0140-0200 33 67
10 4/8/2006 0240-0300 10 78 12
11 4/8/2006 0340-0400         74 26                 
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Table 6.2.  Summary data of egg production and spawning, sound production, and water temperature 
data for all sampling events. 
                       
Egg Production Wt. Avg. Blastodisc Sunset Start  End Duration 
Date (m3) Time of Spawning Collect Time Time Spawning Spawning  Spawning 
1/29/06 71.0  18:10 
1/30/06 
2/14/06 16.9  22:50 22:50 18:20 22:50 22:50 1h 
2/15/06 4.8  22:50 22:50 18:20 22:50 22:50 1 h 
3/3/06 21.2  20:00 17:50, 19:50 18:30 17:50 21:50 4 h 
3/4/06 24.9  17:50 17:50, 18:50 18:30 16:20 19:20 3 h 
3/20/06 44.2  18:00 17:50, 18:50 18:40 17:00 22:10 5 h 10 m 
3/21/06 93.5  17:20 17:50, 18:50 18:40 15:50 19:00 3 h 10 m 
4/6/06 2889.2  17:40 19:50 18:48 15:50 19:20 4 
4/7/07 943.7  17:40 18:50 18:48 15:50 19:30 3 h 40 m 
Table 6.2. Continued.               
Spawning  Maximum 
Temporal 
Center of Start End  Duration 
Date Temp. oC SPL 
Sound 
Production Chorus Chorus  Chorus 
1/29/06 20.5 127.2 21:20 17:00 1:40 8h 40m 
1/30/06 128.4 16:50 
2/14/06 17.6 125.9 22:35 18:30 2:40 8h 10m 
2/15/06 18.3 131.9 21:40 17:30 1:50 8h 20m 
3/3/06 23.4 122.7 21:20 18:20 0:20 6h 
3/4/06 23.6 122.9 21:30 18:20 0:40 6h 20m 
3/20/06 25.1 117.0 21:40 19:10 0:10 5h 
3/21/06 25.7 113.7 21:45 19:10 0:20 5h 10m 
4/6/06 25.1 89.5 NA NA NA NA 
4/7/07 25.6 89.9 NA NA NA NA 
 
160 
 
 
 
 
 
 
Table 6.3.  Black drum egg mortality estimates generated from the standard mortality equation.  Data of egg density and age of a 
single cohort collected hourly over two consecutive nights (1800 – 0400 hr) were used in the mortality models.  Time series of egg 
development used in the models began with the blastodisc stage (single cell) for all dates except 1/29 – 1/30 and generally ended 
with the late embryo stage.  The ‘Z’ term is the instantaneous daily mortality rate from the fitted equation.  Densities of egg 
predators collected during sampling events are also presented.     
          
Date      Fitted Mortality Equation Z r2 Ctenophora (m3) Hydrozoan (m3) *Chaetognatha (m3) 
1/29 - 1/30      y = 66.1789*(EXP(-0.61518*x)) -0.62 0.35 0.3 
2/14 - 2/15     y = 17.5472*(EXP(-0.91141*x)) -0.91 0.44 0.02 0.98,  0.68 
3/3 - 3/4     y = 8.99884*(EXP(-1.65792*x)) -1.66 0.62 3.10,  17.2 
3/20 - 3/21     y = 19.4855*(EXP(-1.78385*x)) -1.78 0.7 0.31 1.47,  1.40 
4/6 - 4/7     y = 1940.51*(EXP(-2.17401*x)) -2.17 0.53 0.34, 0.72 0.30, 1.39 6.44, 17.94 
*Chaetognaths are anecdotally reported to be egg predators 
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Table 6.4.  Distribution of egg densities with depth.  Egg collections were made and densities calculated for each depth listed in the column 
entitled, ‘measured mean egg densities’.  Measured egg densities were then used to model egg densities, with a logarithmic function (Fig. 6.9), at 
all depths including depth intervals not sampled.  More than 50% of the eggs were estimated to occur in the upper 0.5m of the water column.   
           
Measured Modeled
   Depth (m)      Mean Egg Densities (m3) Egg Densities (m3) % at Depth
0.125 448.8 439.7 33.9
0.5 269.8 20.8
1 149.6 184.8 14.2
1.5 135.1 10.4
2 122.5 99.9 7.7
2.5 72.5 5.6
3 55.4 50.2 3.9
3.5 31.3 2.4
4 9.5 14.9 1.1
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Table 6.5.  Estimates of egg production (m3) in the 0.25m depth sampled area, in the entire study area to 0.25 m depth, and in the 
entire study area to 4.0 m depth are presented.  Estimates of female spawning stock biomass and numbers of individual females 
present in the study area on evenings when egg collections were made are based on batch fecundity reported by Macchi et al. 
(92,886.0); Fitzhugh et al. (262295.1); and Nieland et al. (496790.0).  Fecundity estimates were reported as eggs/kilogram of wet, 
eviscerated body weight. 
                          
Egg Production (m3) Egg Production (m3) Egg Production (m3)
sampled area entire study area entire study area SSB Kg SSB Kg SSB Kg females (n) females (n)
Date 0.25m depth  0.25m depth  4.0m depth  *Macchi *Fitzhugh *Nieland *Fitzhugh *Nieland 
1/29/06 71.04 1,153,726.62 3,406,205.90 36.7 13.0 6.9 2.1 0.8
1/30/06 
2/14/06 16.89 274,278.93 809,767.68 8.7 3.1 1.6 0.5 0.2
2/15/06 4.82 78,311.95 231,204.36 2.5 0.9 0.5 0.1 0.1
3/3/06 21.17 343,784.07 1,014,971.24 10.9 3.9 2.0 0.6 0.2
3/4/06 24.88 403,975.43 1,192,677.26 12.8 4.5 2.4 0.7 0.3
3/20/06 44.24 718,475.34 2,121,191.37 22.8 8.1 4.3 1.3 0.5
3/21/06 93.54 1,519,074.27 4,484,840.39 48.3 17.1 9.0 2.8 1.0
4/6/06 2889.19 46,918,964.78 138,521,251.41 1491.3 528.1 278.8 86.6 31.5
4/7/07 943.70 15,325,178.31 45,245,305.13 487.1 172.5 91.1 28.3 10.3
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Figure 6.1.  The canal basin in Cape Coral, Florida where black drum sound production 
and egg production studies were conducted is shown.  Black drum eggs were collected 
during hourly surface plankton tows from 1800 – 0400 hr. along the course indicated by 
the light blue lines while acoustic recordings were made for 10 seconds every 10 minutes 
at each location indicated by the yellow filled circles.   
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Figure 6.2.  Seasonal time series of black drum sound production recorded in Cape Coral, Florida during 2005 – 2006.  The two 
consecutive evenings when egg production and sound production data were collected are represented in red and egg density estimates 
(m3) for each of the two evenings are listed below them.
N/A, 71.0                       16.9, 4.8                       21.2, 24.5                     44.2, 93.5                    2889.2, 943.7 
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Figure 6.3-A.  Sound pressure levels (right y- axis) and the timing and densities of early 
cleavage (EC) black drum eggs ( left y- axis) collected during January, 2006.  The 
earliest developmental stage collected on this evening was 32-cells at 22:50 hr. 
 
 
 
 
Figure 6.3-B.  Sound pressure levels (right y- axis) and the timing and densities of early 
cleavage (EC) black drum eggs (left y- axis) collected during February, 2006.  
Blastodiscs (single cell) were collected on both evenings at 22:50 hr. 
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Figure 6.3-C.  Sound pressure levels (right y- axis) and the timing and densities of early 
cleavage (EC) black drum eggs (left y- axis) collected during March 3 and 4, 2006.  
Blastodiscs (single cell) were collected on both evenings. 
 
 
 
 
Figure 6.3-D.  Back-calculated times and mean densities of blastodiscs (single cell) based 
on collection of early cleavage eggs during March 3 and 4, 2006.  Resolution of back-
calculated spawning times is limited to 1 hour. Back-calculated densities of blastodiscs 
are corrected for by applying the results of the mortality equation to the age of early 
cleavage eggs at the time of collection. 
 
3‐3‐4 
3‐3‐4 
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Figure 6.3-E.  Sound pressure levels and the timing and densities of early cleavage (EC) 
black drum eggs collected during March 20 and 21, 2006.  Blastodiscs (single cell) were 
collected on both evenings. 
 
 
 
 
Figure 6.3-F Back-calculated times and mean densities of blastodiscs (single cell) based 
on collection of early cleavage eggs during March 20 and 21, 2006.  Resolution of back-
calculated spawning times is limited to 1 hour. Back-calculated densities of blastodiscs 
are corrected for by applying the results of the mortality equation to the age of early 
cleavage eggs at the time of collection. 
3‐20‐21
3‐20‐21
168 
 
 
 
 
Figure 6.3-G.  Sound pressure levels and the timing and densities of early cleavage (EC) 
black drum eggs collected during April 6 and 7, 2006.  Blastodiscs (single cell) were 
collected on both evenings. 
 
 
 
Figure 6.3-F Back-calculated times and mean densities of blastodiscs (single cell) based 
on collection of early cleavage eggs during April 6 and 7, 2006.  Resolution of back-
calculated spawning times is limited to 1 hour. Back-calculated densities of blastodiscs 
are corrected for by applying the results of the mortality equation to the age of early 
cleavage eggs at the time of collection. 
4‐6‐7 
4‐6‐7
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Figure 6.4-A.  Linear regression of egg density (e.g. production) against maximum 
nightly sound pressure levels including April data.  Egg density data are log transformed. 
 
 
 
 
Figure 6.4-B.  Linear regression of egg density (e.g. production) against maximum 
nightly sound pressure levels excluding April data.   
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Figure 6.5.  Linear regression of the weighted average of the time of spawning against the 
temporal center of sound production.  The weighted average of the time of spawning is 
based on times blastodiscs were collected and the back-calculated times early cleavage 
and blastula stages would have been blastodiscs and the densities at these times.  
 
 
 
Figure 6.6.  Linear regression of the weighted average of the time of spawning against 
water temperature excluding the January data. 
 
171 
 
 
Figure 6.7-A.  Regression of black drum egg production against water temperature 
including April data.  Egg density data are log transformed. 
 
 
 
 
Figure 6.7-B.  Linear regression of black drum egg production against water temperature 
excluding April data.  
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Figure 6.8.  Logarithmic regression of egg density against depth.  The fitted equation was 
used to interpolate egg densities at intervals between sampled depths to estimate total egg 
densities throughout the 4m water column.  
 
 
Figure 6.9.  Linear regression of egg developmental stage against depth.  Data of egg 
developmental stages found at depth are qualitative only (e.g. densities of these stages are 
not used).
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SUMMARY and CONCLUSIONS 
 Sound production associated with the reproductive behavior of estuarine sciaenids 
was the research focus of this dissertation.  The majority of data were collected in 
Charlotte Harbor, Florida and adjacent canal systems of Cape Coral and Punta Gorda 
using programmable remotely deployed acoustic recorders which provided high temporal 
resolution data of fish sound production over extended periods.  These data were used to 
examine aspects of the temporal and spatial periodicities of fish sound production on diel 
and seasonal time scales and in response to changes in environmental conditions.  In 
additional studies, a hydrophone array was used to localize the position of calling black 
drum and estimate their source levels and potential communication ranges within the 
canal system of Cape Coral.  The temporal and quantitative relationship of egg 
production and sound production of black drum was also investigated at this same study 
site location in Cape Coral. 
In Charlotte Harbor proper, four species were mainly represented in the acoustic 
recordings of fish sound production; these were the sand seatrout (Cynoscion arenarius), 
the spotted seatrout (Cynoscion nebulosus), the silver perch (Bairdiella chrysoura) and 
the oyster toadfish (Opsanus beta) was also commonly recorded.  Other unidentifiable 
sounds of biological origin were also recorded.  Nightly choruses were usually comprised 
of calls produced by these most popular species but were dominated by sand seatrout at 
all study sites, most of which were located in deeper, un-vegetated areas greater than 2 m 
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depth.  The timing of calls during the evening choruses varied somewhat by species 
(chapter one).   
Sound production in Charlotte Harbor, on a diel scale, was typical of the circadian 
patterns reported previously for these and many other soniferous fish species in which 
sharp increases in sound production occur in the late afternoon or early evening and may 
be sustained for several hours before they decline somewhat less rapidly than they began.  
This same general pattern was also documented for black drum in the canals of Cape 
Coral and Punta Gorda.  This circadian pattern of sound production has been 
hypothesized to function as a form of rallying call to bring individuals together in time 
and space for reproductive activity.  Calling at night is believed to confer an advantage 
for signal transmission because background sound pressure levels are generally lower due 
to calmer atmospheric conditions.  Spawning at night, under the cover of darkness, is 
supposed to confer an advantage for eggs against visual predation.   No new evidence 
was collected during this research to interpret these existing understandings of the diel 
pattern of nighttime calling and spawning in fish sound production much differently from 
the existing knowledge, but specific experiments could be designed to test this more 
rigorously.   
Seasonal patterns of fish sound production in Charlotte Harbor and the adjacent 
canal systems agreed well with the documented spawning period of each species 
recorded.  In Charlotte Harbor proper, sound production began around the beginning of 
February and increased gradually to peak values by mid April or early May.  Peak values 
were sustained throughout the summer months then waned in the fall, typically around 
early November.  For each of the major contributing species, the acoustic records 
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provided an accurate representation of their seasonal spawning period.  In Cape Coral and 
Punta Gorda black drum sound production was recorded as early as October.  Sound 
pressure levels increased sharply in January and were sustained at high levels through 
March and ceased during April.  This pattern of sound production is in agreement with 
the documented spawning season of this species in the Gulf of Mexico.  These acoustic 
time series data all demonstrate the usefulness of passive acoustic recordings for 
monitoring periods of reproductive activity of soniferous fishes remotely and with high 
resolution.    Also demonstrated is the usefulness of these methods for studying the 
reproductive ecology of sound producing fishes as models of estuarine ecosystem 
function in response to environmental stressors.  Changes in the spatial distribution of 
fish sound production in Charlotte Harbor were associated with increased volumes of 
freshwater inflow and consequent decreases in bottom concentrations of dissolved 
oxygen (chapter three).     
An early passive acoustic study was conducted by Breder (1968) from a dock in 
Lemon Bay, Florida during 1961 - 65.  Lemon Bay is a narrow, shallow water body 
located between the barrier islands and mainland near Englewood, Florida some 20 km 
west of Charlotte Harbor proper.  The majority of sounds recorded during this study were 
produced by the catfish, Ariopsis felis (formerly, Galeichthys) and the toadfish Opsanus 
beta.  Recordings were made over diel and seasonal time frames and patterns of sound 
reported for each species were generally similar to those that have been recorded since 
the time of his study; evening choruses of the catfish and day/night sound production by 
the toadfish occurred during spring through fall which is the spawning period.  A third 
commonly recorded but unidentified fish call, was described by Breder as the ‘repeater’, 
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which consisted of up to twelve repetitious soft tapping sounds.  This sound was recorded 
mainly during the winter months and was absent during the summer.  This is an unusual 
period for fish sound production to occur in this region with the exception of the black 
drum which the ‘repeater’ clearly is not, based on the acoustic description.  Breder 
speculated the source of the ‘repeater’ may have been the red drum (Sciaenops ocellatus), 
however the red drum spawning season in this region occurs during July – October.   
Although the Lemon Bay habitat was suitable for spotted seatrout (Cynoscion 
nebulosus) and specimens were collected in fish traps at the study site, Breder did not 
report sound production by it in his study.  C. arenarius, the dominant sound producer 
recorded in Charlotte Harbor was also not recorded in the Breder study.  This is likely 
explained by the difference in habitat types between the deeper Charlotte Harbor study 
sites and the shallower Lemon Bay study site and consequent limitations of the signal 
transmission in Lemon Bay.  The percolator sound type described for A. felis in the 
Breder study was not conspicuous in the recordings made in Charlotte Harbor, however 
the species was very likely present at times near the study sites and may have been 
recorded but this was not found in the recordings which were examined closely for 
species composition.  Breder found no real influence of tide on sound production, a 
possible slight lunar influence, and that temperature was the major variable influencing 
sound production on a seasonal basis.  These conclusions are also consistent with data 
collected from Charlotte Harbor.    
While results of passive acoustic studies of fish sound production have 
demonstrated that it is an effective tool for estimating the seasonal extent of spawning 
activity by many sound producing fishes a comparison between daily levels of sound 
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production and egg production by black drum did not reveal a positive relationship.  This 
may have been due to the great variability in batch size and fecundity of similarly sized 
black drum females or females of different sizes and fecundities may have entered the 
study area on different days when eggs were collected.  This result may underlie the 
importance of interpreting measurements of sound production in the context of male 
behavior (courtship) and not as a direct measurement of secondary productivity (e.g. 
spawning), at least in the case of black drum.  Gilmore (1994 and 2007), however, found 
a positive correlation between egg/larval abundance and sound pressure levels/call 
occurrence by silver perch (Bairdiella chrysoura), spotted seatrout (Cynoscion 
nebulosus), and sand seatrout (Cynoscion arenarius).  The contrasting results of these 
studies may be due to differences associated with variability of fecundity and batch size 
among these species, the sex ratio in the spawning aggregations where data were 
collected, and possibly in the experimental methods used in each study.  Further 
examination of the relationship between egg and sound production levels is warranted. 
Hydrophone array recordings were used to estimate source levels of black drum 
calls.  When source level estimates were combined with measurements of auditory 
sensitivity, signal transmission loss, and background levels at the study site estimates of 
the potential communication range of black drum were possible.  An additional fortuitous 
result of this study was the ability to track the movement of an individual fish by 
localizing its position when it called, which occurred every 3.5 seconds on average over 
one hour.  A larger more complex hydrophone array would have been able to resolve this 
information for other calling individuals in the study area too.  Direct visual observations 
of fish behavior associated with sound production are not often possible therefore much 
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could be learned with this technique about the spacing and interactions of individuals 
within a spawning aggregation and the role of sound production in sexual selection of 
black drum.    
Acoustic and visual signaling during courtship and spawning by terrestrial 
animals and fishes is generally performed by the male.  While mating systems and 
parental care vary within and between these classes of animals sexual selection theory 
would predict that similarities would exist in their courtship behavior.  In the case of 
terrestrial animals, birds for example, sound production may be used alone as in the 
burrowing petrels (Bretagnolle, 1990) or in conjunction with visual displays and/or 
exaggerated male features as in the sage grouse (Vehrencamp et al., 1989) during 
courtship or associated male-male agonistic behavior.  Parallels to this have been 
observed in fishes, particularly in reef fishes where visual observations of courtship and 
territorial behavior have been possible.  For example, the domino damselfish (Mann and 
Lobel, 1998) performs a ‘signal jump’ in which ‘pops’ and ‘chirps’ are produced in 
association with rapid upward swimming followed by a sharp dive (e.g. the ‘jump’) 
usually near a nest site.  While more observations have been made on the behaviors of 
terrestrial animals than fishes (for obvious reasons), some of the information learned 
from them can be applied to fishes and also used to further test hypotheses of fish 
behavior, including sexual selection.  In this regard, a particular aspect of social 
modulation of reproduction that would be especially interesting to investigate is the role 
of male sound quality in female choice by black drum and how the call qualities are 
interpreted by the female, if in fact they are at all.   
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The usefulness of passive acoustics for studying the timing and location of 
reproductive behavior in sound producing fishes has long been known.  However, the 
methods have not yet become incorporated into the regular protocol of scientists who 
study the reproductive biology and ecology of many of the sound producing species, 
including the drums and groupers.  Advancements in recording technology and data 
analysis software, combined with lower equipment costs will increase the availability and 
use of passive acoustic methods in the near future.  The recording instrumentation 
available today can record high temporal resolution data for periods in excess of one 
year.  The advantage of remotely deployed instrumentation which collects high temporal 
resolution data is that while trends in normal activity on different time scales are 
recorded, rare events are also recorded and their effects on normal activity are evident.  
This was the case for the data recorded on hurricane Charley, which provided new 
information about fish behavior during a hurricane.   
The ability to collect enormous acoustic time series data sets on wide spatial and 
temporal scales means that many sounds of unknown origin will be recorded.  It is 
relatively straightforward for the trained observer to categorize the origin of a recorded 
sound as biological or not and to a slightly lesser extent whether it was produced by a 
fish, marine mammal, or invertebrate, although exceptions to these generalities will likely 
be discovered.  Future efforts should focus on positively identifying the origin of 
unknown sounds.  This can be done via direct in situ observations if conditions of 
visibility allow or by capture and isolation of the sound producer, which may also be 
done in situ under the right circumstance.   
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From a resource assessment and management perspective, passive acoustics 
represent a powerful tool, as evidenced by the data in chapter three.  To realize this 
potential environmental data must also be collected in conjunction with sound production 
data whenever possible to help explain the variability in acoustic time series data of fish 
sound production.  Many water quality monitoring stations now exist in coastal and near 
shore environments and a hydrophone could easily be incorporated into the sensor array 
for this purpose.  Estuarine systems where information is needed on the impact of 
regulated freshwater inflow on ecosystem function are especially relevant to these 
methods.   
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